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PREFACE

The papers and presentations compiled in this volume form the Proceedings of the fourth
in a series of Workshops sponsored by SERI/DOE under the general theme of photovoltaic
module reliability during the period 1986-1990.

The reliability of PV modules/systems is exceedingly important along with the initial cost
and efficiency of modules if the PV technology has to make a major impact in the power
generation market, and for it to compete with the conventional electricity producing
technologies. The reliability of photovoltaic modules has progressed significantly in the last
few years as evidenced by warranties available on commercial modules of as long as 12
years. However, there is still need for substantial research and testing required to improve
module field reliability to levels of 30 years or more.

Several small groups of researchers are involved in this research, development, and
monitoring activity around the world. In the U.S., PV manufacturers, DOE laboratories,
electric utilities and others are engaged in the photovoltaic reliability research and testing.
This group of researchers and others interested in this field were brought together under
SERI/DOE sponsorship to exchange the technical knowledge and field experience as
related to current information in this important field. The papers presented here reflect
this effort.

Laxmi Mrig
Workshop Chairman
SERI
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Module Field Experience With Austin's PV Plants

John E. Hoffner
City of Austin Electric
Utility Department
721 Barton Springs Road
Austin, Texas 78704

1."Backgroung

The City of Austin Electric Utility Department (The City here

‘after) has installed two, nominal 300-kilowatt photovoltaic

plants which are now belng monitored and tested. The flat-plate
system (PV300) was put into commercial operation in July of 1987
and it has now been monitored for three years. The concentrating
system (The 3M Austin Center PV Plant) was recently dedicated in
March of 1990-and is still going through adjustments and start-
up procedures. The flat-plate system is fully owned by the City
while the concentrator is owned 69% by 3M and 31% by the City. A
comparison of the specifications and plant features is shown in
Table 1. Further details on plant specifics can be found in
references 1,2 and 3. The two photovoltaic (PV) plants are
similar in their peak ratings, therefore it will be an
interesting testing ground for comparlng two, similar sized
photovoltaic plants with widely varying technologies operating in
one City.

The following paper discusses some of the module reliability
issues that have been observed during the first three years of
operation for the 300~kilowatt flat-plate system. At the time of
this presentation the concentrator plant had not been fully
tested and monitored for a reasonable period of time. Therefore,

- module reliability issues related to the concentrator plant are

not discussed in this paper.
2. Description ®
2.1 PV300 Modules (laminates)

After all the modules (sometimes referred to as laminates because
they are unframed) 'had been installed at the PV300 flat-plate
installation in February 1987, all 6160 modules were tested using
a method developed by the New Mexico Solar Energy Institute (ref
4). The objective of the tests was to identify non-producing
modules in the array field. The test procedure consisted of
shading up to three modules and measuring the current through the
group by-pass diode, while the inverter was operating at a fixed
voltage. The testing procedure identified 39 non-producing
modules or a little over 1/2 percent of the modules. The low
failure rate did not raise great concern, because of the low
percentage compared to the field of 6160 modules. However, in

17



W

the follow1ng three months (March, April and May 1987) tests were
carried out again and over 100 non- producing modules were
identified, or over 1% of the field were non-functioning.
Therefore, the number of failed modules appeared to be growing,
and the manufacturer ARCO Solar (now Siemens Solar) assigned a
task force from its factory to identify the cause fcr the
failures and to develop a solution for avoiding future failures.

ARCO staff attributed the module failures to differential

expansion of a the copper busbar which the modules were attached -

to and the plastic cover over the busbar. Small ribbons which
exit from the (+) and (-) end of the modules, are spot wielded to
a copper busbar. A plastic cover is then glued to over the busbar
to protect it from the elements and to prevent personnel from
touching it. During manufacturing the glue that was used to
attach the plastic busbar covers squeezed over the ribbons which
bonded the copper busbar, the plastic cover and the rikbon all
together in a continuous fashion. When the system was exposed %o
the heat of the sun, the copper and plastic expanded at different
rates and the ribbons either sheared, or were sheared-off at the
point of the spot wields. The module (laminate) then became open-
circuited making it a non-producing part of the array field.

ARCO offered the solution of cutting each plastic cover to create
an expansion joint therefore reducing the potential for
differential expansion. By June 1987 all non-producing modules
were replaced, or repaired and the expansion joints were
installed. In July of 1987 when the plant was put into
commercial operation it appeared that the module problem had been
solved. Since that time all modules have been testei at regular
intervals and it appears that the number of ribbon failures has
been decreasing as shown in Figure 2. Only further testing and
monitoring over the next few years will verify that the problem
has been solved.

It is important to note that the failures never affected the
integrity of the modules themselves, merely the exterior
connection point to the busbar. Thus, the modules have been
highly reliable for the first three years of operation. As noted
in an earlier paper (ref 2) the plant has had an availability of
greater than 99% for the first two years of operation and an
average capacity factor greater than 55% during Austin’'s peak
demand periods for electricity.

2.2 PV300 Tracking System

The flat-plate installation is fitted with a passive tracking
system that utilizes 42 Robbin's Engineering tracking actuators.
The actuators consist of a closed-loop system of freon and oil
which tracks the sun from east to west on a daily basis. The
panels are installed horizontally and rotate around a north-
south axis. The trackers were installed to increase yearly
output and to increase power output in the late afternoons (5 or
6 PM) in summer when the City's peak demand period occurs.

18
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teveral preliminary tests were conducted to examine the tracking
accuracy of the passive actuators. A protractor was used to
measure the angle of the suns image that projected through the
cracks between the modules over the course of the day. The angle
measured was the angle of incidence of the sun with respect to
the normal of the flat-plate panels from east to west. The
incident angle with respect to the suns azimuth angle is ignored
because the panels only track in one axis

Tracking accuracy tests were conducted on two dlfferent sunny
days -August 11, 1987 and July 19, 1990 shown in Figures 3 and 4
respectively. As can be seen, the angle of incidence with
respect to the normal of the panels is 10 degrees durlng the peak
sunlight hours from 2:00 AM to 6:00 PM {(CDT). This is considered
to be highly effective since at 10 degrees or less only 1 to 2
percent. of the suns energy is lost due to reflected energy
(cosine 10 degrees = .98). Therefore, the passive actuators are
considered to be reliable for flat-plate, single-axis tracking PV
systems.

During initial start-up and over the first year of operation,
several tracking actuators experienced blow-outs through the
cylinder seals. The problem was attributed to 1ncorrectly
installed O-rings by the manufacturer. After the first year it
appeared that the problem had diminished as shown in Figure 5.
Howpver, several more failures have occurred over that past year
causing some concern. The actuators will be examined and
monitored over the next few years to evaluate their reliability.

Concluding Remarks'

o The reliability of the flat-plate modules has been very high
with a plant availability of greater that 99% for the first
two years of operation.

0 The problem of differential expansion of the busbars and
plastic covers appears to have been solved due to the
downward trend of module failures.

© The integrity of the modules has been maintained throughout
the plant operation.

o Tests on the pa551ve trackers indicate that they are capable
of tracking within 10 degrees of the sun (from east to west)
on sunny days during peak sunlight hours 9:00 AM to 6:00 PM. .

o The failures of the O-rings associated with the passive
trackers appear to be increasing. The actuators will be
closely monitored over the next few years.
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TABLE 1 COMPARISON OF PLANT SPECIFICATIONS

PV300 PLANT 3M/AUSTIN PLANT

SYSTEM TYPE flat-plate linear fresnel concentrator |

|

CELLS single-crystal } single-crystal w/prism covers
CELL EFFICIENCY 14.5 % | 17.5 % ;
ARRAY AREA 2620 sq. M | 2006 sq. M :
TRACKING single-axis | two-axis ;
DESIGN RATING 272 kw AC at soC | 273 kw AC at project conditions ,
i

, !

(NOCT=46.7 C) (cell temp=60 C,1000 w/sq M)
FIELD TEST RATING 250 kw AC at SOC | 250 kw DC at project test ]

MODULES

FIGURE 1

SCHEMATIC OF SOLAR PANELS

4 SETS OF 10 MODULES
IN SERIES

Forty modules, each at 53 watts, are wired together to produce

the desired voltage and current. Ten modules are wired in

parallel. Then 4 sets of 10 modules are wired in series to form the

solar panel.

21
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FIGURE 2 - Number of module (laminate) failures for

the flat-plate system, PV300. Years 1987-1990.
Total field consists of 6160 modules.
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FIGURE 3 -~ Results of passive tracking accuracy test on
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FIGURE 4 - Results of passive tracking accuracy test on
flat-plate system, PV300. Test date July 19, 1989.
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FIGURE 5 - Number of passive actuator failures for the
flat-plate system, PV300. Years 1987-1990.
Field consists of 42 passive actuators.
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Early Experiences of the 15 kW NMPC
Demand-Side Management Photovoltaic Project

Bruce Bailey, Richard Perez, John Doty, Kurt Elsholz, Ronald Stewart
Associated Weather Services, Inc.
55 Colvin Avenue
Albany, New York 12206

and

William Huse
Niagara Mohawk Power Corporation
300 Erie Boulevard West
Syracuse, New York 13202

Summary - The Niagara Mohawk Power Corporation has begun operation of
a photovoltaic system in upstate New York to study the summer peak load
reduction capability of grid-connected PV systems serving commercial

buildings.  The roof-retrofitted system consists of 151 m? of, polycrystalline
silicon module area rated at 154 kW DC, three one-axis trackers, and a high
efficiency power conditioning unit. Preliminary results from the first two
months of operation indicate PV system output is at a high fraction of capacity
when the building experiences its electrical demand peaks. Ongoing studies
are evaluating a cross-section of commercial customer load profiles in terms of
the probability of peak demand reduction.

Introduction

The Niagara Mohawk Power Cornoration (NMPC) has designed and installed
a roof retrofitted 154 kW (DC) PV system in upstate New York for the purpose
of evaluating the summer peak load reduction capability of grid-connected PV
systems serving commercial buildings.  Theoretically, photovoltaics are well-
suited to demand-side management (DSM) because the availability of insolation
coincides well with the typical daily electrical demand curve of commercial
customers. For a minimum 15-month period, the project will study the
practical and technical aspects of PV system operation, including issues
dealing with reliability, power quality, load matching, need for storage, and
maintenance.  Ultimately, the potential benefits of PV-based DSM systems, both
to the utility and to the customer, are to be evaluated for various types of
commercial customers and for other areas of the NMPC service territory where
weather conditions may vary from those at the project site. This paper
presents preliminary performance results from the first two months of
operation, July and August 1990,
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The PV system consists of: 70 Mobil Solar Ral80 modules (151 m2 collector
area) having a combined rating of 15.4 kW DC at standard test conditions, three
single-axis tracking frames (with horizontal N-S axis) each with a SunSeeker
tracker drive made by Robbins Engineering, and the new high-efficiency
Series 3200 Omnion power conditioning unit (PCU) which features automatic
maximum power point tracking. The PCU outputs to an existing 480V 3-phase
electrical distribution panel within the host building,

A dedicated PC-based data acquisition system, which includes a Cuampbell
Scientific 21X datalogger and two multiplexers, polls 50 sensors every 10
seconds, stores 10-minute averages and runs preliminary data validation
routines. Measurement parameters include: array output, array temperature
and orientation, PCU performance, customer demand, and weather and
insolation conditions. A harmonics measurement system capable of recording
up to the 100th harmonic measures inverter voltage and current output for
one cycle every 10 minutes.

The host building is the headquarters of the New York State Division of
Military and Naval Affairs located adjacent to the Albany County Airport. This
state-owned facility is primarily an office building that experiences a Monday
to Friday midday electrical demand peak. The facility's peak demand is
approximately 560 kW compared to a base load of about 325 kW. The PV system
capacity was determined prior to building selection and thus represents a scale
model of what this particular facility could accept.

Early Resu

Acceptance tests were conducted to verify that minimum system
specifications were met. The specifications included the following:

a) 15 kW DC output (£5%) at 1000 W/sq. m. at 25°C panel temperature,
b) Total system efficiency near full load > 90%.

c) PCU power factor > 0.95 under rated array output conditions and > 0.85 at
25% of rated output.

d) Total harmonic distortion (THD) for current < 5%; Individual harmonic

distortion < 3%; THD voltage < 3%; Single frequency distortion < 1%.
These and other tests (e.g., inverter start-up, stand-by operation, maximum
power point tracking) found the system to be in compliance with original
specifications.  The stability of system and component performance will be
monitored for the duration of the project, PV system availability during the
first two months of operation exceeded 90 percent,

Five Ra30 Mobil Solar panels underwent indoor and outdoor performance
tests at SERI's PV Module Testing and Performance Facility, The purpose for
testing was to establish benchmark module performance characteristics prior
to extended cxposurc tests at the project site. The Ra30 modules, one-sixth the
size in aperture area of the Ral80 modules, are being used for testing purposes
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because . of the logistical constraints posed by the larger Ral80 modules in

shipping and indoor testing.

Figure 1 illustrates average diurnal system output for July-August in terms
of theoretical DC, meuasured DC, and measured AC. The theoretical DC power (top
curve) is calculated from measured plane of array insolation and
manufacturer's output specifications adjusted for operating panel
temperature. The actual DC output (middle curve) is measured at the PCU. This
curve's lower value relative to the theoretical curve is attributed to several
factors, including measurement uncertainty, line losses, module mismatching,
and imperfect maximum power point tracking by the PCU. The last factor is
found to be the dominant effect for low insolation conditions; Figure 2 shows
that the ratio of measured to theoretical DC deteriorates markedly at low
insolation levels. The lower curve in Figure 1 reflects the DC-AC conversion
efficiency of the PCU. Near full load conditions, the PCU efficiency is
approximately 93%.

The average demand reduction during the day for the July-August period as
a result of the PV system is depicted in Figure 3. The upper curve defines the
building's diurnal demand on the utility without the PV system while the lower
curve shows building demand with the addition of the PV system sized 10 times

- larger than the present scale model system. The difference between the two

curves represents the average demand reduction value of the PV system.

Perhaps of greater interest is PV system performance at the times of the
building's peak loads. To the user, a DSM PV system offers the benefits of
demand charge savings which are a function of the system's output when the
peaks occur. A comparison of PV system performance with peak building
loads is shown in Figure 4, PV system output expressed as a fraction of its rated
AC capacity is shown for the times when the top 5, 10, 25, 50 and 100 building
loads (10-min. average) occurred in July and August. This analysis shows that
PV gsystem output is consistently high when it is most needed. Future analyses
will be evaluating PV system output during the utility grid's demand peaks.
Figure 4 also illustrates the importance of the selected system rating
reference. System availability at peak times is shown in terms of 1) AC output
vs. estimated system capacity at 30°C ambient temperature and 1000 W/m?
insolation, 2) AC output vs. estimated AC capacity at standard conditions (25°C
panel temperature, 1000 W/m2), and 3) AC output vs. DC rated capacity at
standard conditions. For the present type of summer peak shaving
application, the first rating may be the most appropriate measure because the
ambient temperature is around 30°C when the building's highest peaks occur.

Future Plans

The results presented here are based on only the first two months of a
planned 15-month monitoring program and thus are preliminary. Pending
analyses will address overall system and individual component performance,
maintenance requirements, power quality, and the probability of peak demand
reduction. The value and sizing of storage will also be evaluated for
maximizing the probability of energy availability at peak demand. An actual
battery storage system may be added to the project. We also intend to validate
widely used PV simulation programs such as PVFORM and evaluate their
suitability for system design within NMPC's service area.
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Whereas this project is sited at one individual building, the objective is to
evaluate the DSM value of PV systems used by the commercial customer sector
in general. Therefore, time series load data are being obtained from a cross-
section of commercial customer types and geographical areas within NMPC's
service territory (comprising half of New York State's total land area). We
intend to evaluate the value of distributed PV systems to the utility in terms of
net demand reduction during peak periods.

Acknowledgement:  This project is sponsored by the Niagara Mohawk Power
Corporation (Contract No. EW73889ABR) and the Empire State Electric Power
Research Institute.
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Figure 1 - Average PV systemi power output for July-August 1990
expressed as 1) theoretical DC determined from plane of array insolation and
adjustments for panel temperature (top curve), 2) measured DC (middle curve),
and 3) measured AC (bottom curve). ‘
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Figure 2 - Ratios of measured to theoretical DC power output based on 10-
min. averages in July 1990,
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to the addition of PV system scaled 10 times larger in capacity than existing
system. Upper curve defines building demand on the utility grid without the
PV system; lower curve defines building demand with the PV system.
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Figure 4 - PV system capacity ratios (%) for three reference ratings
during the building's highest 5, 10, 25, 50 and 100 10-min. loads in July-August
1990. Reference ratings are 1) AC output vs. estimated system AC capacity at
309C ambient temperature and 1000 W/m? insolation, 2) AC output vs. estimated
AC capucity at 250C panel temperature and 1000 W/m?, and 3) AC output vs. 15.4
kW DC rated capacity at standard conditions.
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THREE YEAR PERFORMANCE AND RELIABILITY ANALYSIS OF A
4 kW AMORPHOUS-SILICON PHOTOVOLTAIC SYSTEM IN MICHIGAN

ROBERT G. PRATT

The Detroit Edison Company
2000 Second Avenue

Detroit, Mic
U.S.

higan 48226
A

Presented at
Photovoltaic Module Reliability Workshop
Lakewood, Colorado

October 25, 1990

SUMMARY

A 4 KW photovoltaic power system composcd of
144 Sovonics R100 amorphous-silicon alloy
modules was constructed in southcastern Michigan
in carly 1987, During more than three ycars of
continuous operation, the system and its
components have been reliable and durable.
Analysis of array performance has shown initial
degradation, followed by stabilization. Cyclic
clficiency variations have been found to be related
to solar spectrum, ambicnt temperature and past
history of temperature.

INTRODUCTION

This project was initiated as a joint venture between
three clectric utilitics, a photovoltaic manufacturing
company, two research onented organizations and
an cducational institution specializing in alternate
energy technologies. The Consortium, led by The
Detroit Edison Company (Dctroit, MI), also
consists of Consumecrs Power (Jackson, MI), The
Board of Water and Light (Lansing, MI), Encrgy
Conversion Devices/Sovonics Solar Systems (Troy,
MI), Oakland Community College (Aubumn Hills,
MI), Michigan Encrgy Resource and Rescarch

Association (Detroit, MI) and the Electric Power
Rescarch Institute (Palo Alto, CA).

The project was developed as a leaming tool for the
utilitics involved and as a public demonstration of the
capabilitics and realitics of photovoltaic encrgy
production. Toward those cnds, the participants have
profitted greatly from the expericnce and knowledge
gained. :

Amorphous PV materials arc uniquely different in
their operating characteristics from crystatline and
polycrystalline cells. They are sensitive to a different
part of the solar spectrum, they exhibit sirong
scasonal cfficiency variations and arc anncaled by the
long summer heat soak. Another significant
difference is that amorphous silicon is subjcct to an
initial efficiency degradation (the Stacbler-Wronski
Effect) [1].

The 4 kW amorphous-silicon PV facility studied in
this project was constructed at the Auburn Hills

Campus of Oakland Community College north of

Detroit, Michigan. It was first energized on May 6,
1987 and has been in continuous operation since that
time. During the 40 months since system start-up,
considerable data have been collected and analyzed.
Conclusions have been reached with regard 1o
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clficiency variations causcd by temperature, solar
spectrum. material degradation and anncaling. Data
arc also available to evaluate long term cnergy
production from this system in the Michigan
environment. Extrapolations of this data should
yicld performance predictions in other solar
regimes. This paper presents the details of these
conclusions and shows much of the data used in
their discovery

B

THE PHOTOVOLTAIC SYSTEM

The PV system cvaluated in this paper consists of
144 modcl R100 amorphous-silicon alloy modules
manufacturcd by Sovonics Solar Systems, Inc of
Troy, Michigan in latc 1986. The cells arc dual
tandem construction designed for enhanced light
capturing capability. Each module contains 420
cells, resulting in module ratings of approximately
30 Watts. The array is organized into nine strings
of 16 modules cach. Further details of the array
and module connection schemes can be found in
previously published papers [2] (3] (4].

D.c. clectrical energy generated by the array is
converted to 60 Hz a.c. in a 6 kW Omnion power
converter. There is no battery storage at the site.
Instead, the a.c. power is coupled directly into the
campus clectrical grid where it offscts the amount
of power the campus load draws from the electric
utility line. Although power from the array can
theoretically be returned to the utility company
during times of low campus usage, this has most
likely never occurred because of the large campus
load.

THE DATA ACQUISITION SYSTEM

The data acquisition system utilized at the campus
was installed by Dectroit Edison to monitor
clectrical performance of the PV system, capture
rclevant environmental parameters and process the
results into a form that is rcadily analyzed. The
heart of the system is a Campbell Scicentific 21X
Micrologger. Scnsors connected to its input bring
in d.c. array voltage and current, a.c. voltage and
phasc angle, global and plane-of-array insolation,
ambicnt temperature and front and back surface
temperatures of a representative module. In late
spring of 1990, three experimental spectrum
scnsors were also installed at the site to assist in
spectrum related efficiency studies. Although data
have been collected from these, it is too carly at the
lime of this writing to accurately correlate spectrum
to performance.

The data collected in the micrologger is averaged
over cach hour and retayed via a telephone modem
to a computer at Detroit Edison’s Laboratory in
Detroit. At that point, the data are stored in Lotus
1-2-3 spreadsheets and performance graphs arc
producced.

ENERGY PRODUCTION

In the 40 months of operation since system start-up
in May, 1987 through August, 1990, the entire PV
system has performed very reliably., No
components of any type have failed, nor have any
been replaced. Although a few modules have
cxperienced water lcakage from improper scaling
during manufacture [4] [5], power generation is not
mcasurably different from the other modules and,
conscquently, they have been left in the system to
further build the basc of long term reliability
knowledge.

Figure 1 shows system availability of the Detroit
Edison PV system over a 39 month period from
Junc, 1987 to August, 1990. Availability in this
figure is identified by positive net a.c. encrgy
production at times whery insolation is greater than
or cqual to 100 Watts/m~. All but five months of
the 39 have an availability of more than 90 percent.
Total availability over the 39 months is 95.9
pereent.

Availability on a 24 hour base, irrespective of
insolation, is shown in Figurc 2. Because winter
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Fig. 3. Monthly PV system d.c. energy production.

days are short on sunlight and considerable cloud
cover prevails in Michigan at that time of the year,
24 hour availability is considerably lower in winter
than summer. Since system start-up, overall 24
hour availability is 35.8 percent.

Figure 3 shows the d.c. energy produced by the
array during cach of the 40 operational months
(note that May, 1987 was only a partial month
because of initial system start-up on May 6). As
expected, encrgy generation is variable both
monthly and scasonally. The best month's
production was in July, 1987 when 652 kWh d.c.
were produced. The lowest production occurred in
December of that same year when only 124 kWh
were generated by the array.,

Capacity factor is the percentage of the actual
clectrical encrgy produced by a generating system
compared with the theoretical energy production if
the system. were producing at full output at all
times. Figurc 4 shows the d.c. capacity factor for
the Detroit Edison PV system over 39 months of
operation. As with 24 hour availability, the months
vary considerably with highs occurring in the
summer and lows in the winter.

Overall capacity factor is 14.5 percent. Values
during the first year rcached almost 15 percent,
whereas in the latter year they were just under 14
percent. This change, while reflecting the initial
degradation of amorphous-silicon cclls, would not
be apparent if the power rating of the array at time
of mcasurcment were adjusted to represent the
actual instantancous maximum capacity of the
array. For our graph, all computations were made at
the design capacity of 4600 Watts d.c. A further
discussion of array efficiency degradation is found
in the following scction.
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A.c. energy delivered to the campus was less then
the d.c. production each month because of losses in
the inverter. Although instantancous a.c./d.c.
conversion cfficiencies were in the range of 80 to
84 percent during times when the array was
operating at 40 or more percent of capacity, the
overall monthly net production was below that
figure. This is duc to the fact that the inverter
becomes a consumer of a small amount of a.c.
cnergy when the array d.c. production is very low
(less that a couple hundred Watts) or when
nighttime darkness occurs. Figure S shows the net
a.c. energy delivered to the campus cach month
during the test period. In this graph, nighttime
inverter energy consumption is subtracted from the
daytime energy delivery to yicld the net figures. In
cffect, it is the usable energy delivered over a
month'’s time.

Because the scasonal variations of cnergy
production obscure the actual production capability
of the array, it is uscful to analyzc encrgy
production using a "running year" computation,
This is obtaincd by averaging thc monthly
productions over a complcte 12 month period and
sliding the beginning and ending months along cach
month to produce points on the curve that represent
the year’s data with the ending month specified (sce
Figurc 6). If cach year were identical in energy
production, the graph’s bar componcnts would all
be identical in height. Any variation sustained over
a few months shows a trend in energy production.

It can be scen from Figure 6 that the general trend
in our system has been to lower energy production

in the latter year and a half., While a number of
factors can produce such a falloff in output, a
significant cause has becn a drop in the level of
sunlight in southeastern Michigan since 1988.

Figure 7 shows the running year insolation
measurcd at the site since system start-up. Figures
6 and 7 arc quite similar. Individual variations in
the energy output graph that arc not scen in the
insolation graph are mostly duc to array downtimes,
These have occurred on several occasions when
lightning activity in and around the campus has
caused power line surges throughout the campus
grid. The inverter responds to severe surges by
shutting down to protect its electronics from failure
when it detects what it thinks may be a short circuit
or scvere overload. On occasion, the inverter has
failed to automatically restart after such an cvent
and has requircd manual restarting. Becausc
performance data is not cxamincd cvery day,
system outages have not always becn noticed
quickly.

In onc case (July, 1988) an outage resulted from a
blown fuse in the campus grid during a severe
storm. Because the event occurred at the beginning
of a holiday and vacation pcriod, the loss of
gencration went unnoticed for 10 days. The result
was the loss of approximately a third of the month’s
potential energy production. Had it not been for
this event, July, 1988 would probably have been the
month of highest cnergy production because of its
abundant insolation.
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PV SYSTEM EFFICIENCY

Efficiency of the Detroit Edison 4 kW PV system
was determined in scveral ways using a variety of
analyses applied to the more than 1200 days of
continuous data. The most straight-forward
efficicncy measurcment is shown in Figure 8. All
cfficiency calculations were made using d.c. power
output, plane-of-array insolation and physical
constants of the array for cach hour of data whe
the insolation was between 800 and 1050 Watts/m”,
While it would have been desirable to raise the
lower limit to 900 or 950 Watis/m”, that level of
sunlight intensity is not gencrally found in
November or December in southeast Michigan, In
order to capture a reasonable number of sample
points, the lower limit had to be reduced to 800
Watts/m”.

In Figure 8, the scasonal cycling of cfficiency is
clearly scen. Efficiency lows occur during January
and February and highs appear in August. There is
also a noticeable downward slope to the curve in
the first 250 days. This is the Stacbler-Wronski
Effect degradation observed in amorphous-silicon
maicrials [1]. What is not certain in this curve is
when the Stacbler-Wronski Effect diminishes to
insignificance and the scasonal cycle takes over as
the predominant feature. Further it is not casily
ascertained from Figure 8 whether the annual lows
and pcaks arc retaining the same values from year
to year or whether there is a continuing downward
trend.

Figure 9 addresses thesce questions more clearly.
This curve plots array d.c. cfficiency versus
calculated values of air mass over the entire 39
month period at,insolation valucs between 800 and
1050 Watts/m”. Because the Sovonics R100
modules exhibit performance variations related to
the spectrum changes causcd by air mass variations,
and because air mass is an hourly and scasonally
variable quantity, it was uscd in this curve in an
attempt to correlate efficiency with a mcasurable
and predictable parameter. Each point ploticd in
Figure 9 is an average of the 20 points preceding
and following in the data basc. This degrec of
smoothing was required to reduce the individual
data variations to a more continuous curve.

By following the time markings in Figurc 9, it can
be scen that the efficiency of the array declined

_rapidly in the first few months, then rebounded
during the following summer. The sccond year's
cfficicncy gencrally tracks the same pattern as the
first ycar, but is lower by approximately 0.1 percent
absolute (2.8 pcreent relative). During the third
year, the fall-to-winter efficiency decline showed
values nearly identical to the second ycar,
indicating that a point of stability had been reached
in the modules. During the third winter and early
spring, the array actually performed better that in
the second year. The rcason for this phenomenon is
not cvident from Figure 9.
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Fig. 8. Hourly array d.c. efficiency versus days

since system start-up measured at insolation values
berween 800 and 1050 Watts/im™. Data are shown as
measured and are uncorrected for standard
conditions.
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[t is interesting to note that the winter efficiency
low docs not necessarily occur in December, a time
of the year when the air mass is highest. Further,
the efficiency high occurs in August, almost two
months after the air mass low. Although efficiency
on an instantancous basis is heavily influenced by
air mass, it is clear that over the long term (several
months or a scason), there is another over-riding
influence.

Onc such influence is temperature. The winter low
temperatures are recached between December and
February. During the summer, warm temperaturcs
occur in June through August. The curve shows an
efficiency drop during the fall and carly winter with
a minimum rcachcd abruptly, then sustained for a

long period in the winter and spring. The hot days
of summer, however, cause a slow but steady rise in
the array cfficiency until mid August. This is the
summer hcat soak that anncals the
amorphous-silicon, raising its ability to dcliver
usable clectrons from the photons striking its
surface. The summer of 1988 shows an cspecially
strong summer ris¢ with the peak hitting 3.8 percent
in August. This was an unusually hot and sunny
summer. The risc that began in carly summer of
1989 flattens out sooner and at a lower pcak, That
summer was much cooler with fewer sunny days.
Further analysis of the efficiency versus
temperature relationship can be seen in Figure 10.
The data here is normalized over 39 months with
cach month's average plotied. While the actual
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values arc not important here, the trends are quite
significant. For example, it is noted that the lowest
cfficiency usually occurs when the temperature is
the lowest. Downward changes in temperature are
usually the indicator of a similar change in
cfficicncy. An upward change in tcmperature,
however, begins the movement of cfficiency in the
upward direction, but the peak is usually rcached a
month or two later than the temperature peak. The
summecr annealing cffect is evident in this delayed
peak response.

While it is apparent from Figure 10 that there are
changes in efficiency and temperature from onc
year to another, it is difficult to quantify such long
term trends from this data presentation, Figure 11
resolves this problem by plotting a running ycar
computation. Normalized values of both efficiency
and ambicnt temperature are plotted with cach point
representing the average of a ycar's data. The
individual point is the ending month of the running
ycar. In this graph the scasonal variations are
climinated and only the last month’s values from
one year to the next are obscrved.

The first obvious fecature of this curve is the sharp
drop in efficiency scen on the lcft side. While

" giving the appearance of declining efficiency into

the latter part of 1989, this is actually not the case.
Because each point is looking backward over a
year’s time, the permanent loss in efficiency ccascd
its decline 11 months before September, 1989, The
actual stabilization date of the PV array is ncar the
end of Scptember or the beginning of October,
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1988. The array was first exposed to light in April,
1987 and encrgized in May of that year. The
Staecbler-Wronski degradation then occurred over
the initial 17 month period.

Further study of Figurc 11 shows the subtle effect
of temperature variations on the d.c. efficiency.
While not a perfect match, it is evident that long
term temperature variations causc similar changes
in efficicncy. Short term temperature effects on
efficicncy do not correlate well, however. A curve
similar to Figure 9 with ambicnt tempcerature
substituted for air mass was created carlicr in the
project and displayed scattered data points and
much less of a dircct relationship [4].

Figurc 8 showed the actual instantancous opcrating
efficiency of the array over 39 months of operation.
Figure 12 condenses that data into running year
averages to eliminate the scasonal variations.
Instcad of showing the cyclic peaks and valleys, it
displays a yearly average at each point, As in
Figure 11, the early degradation period is clearly
cvident on the lcft half of the curve. The lowest
portion of the curve corresponds to a period of
lower average temperatures during the summer of
1989 and the succeeding carly winter. When
average iemperaturcs became more normal in 1990,
the array efficiency rose to a higher value and
stabilized there. It should be remembered when
vicwing this graph that the efficiency figures arc
yearly averages, not individual monthly values.
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It is possible, using the cfficicncy data presented, to
determine an amount of array degradation that has
become permanent. It would not be correct to usc
Figure 12 to calculate that, however, since it
represents annual averaged data and the majority of
the degradation occurred during the first year,
Using the carlicst month of available efficiency data
(4.16 percent in June, 1987) and comparing that to
August, 1990 (3.64 percent), it can be seen that the
degradation during that time was 12.5 percent
rclative. That is a minimum figure, however. The
array was first exposed to sunlight in late April,
1987 and encrgized on May 6, 1987. Between one
and two months passcd from initial cxposure until
the solar sensors were installed at the site. It is
certain that additional unmeasured degradation
occurred during those early days.

CONCLUSIONS

The 4 kW amorphous-silicon alloy photovoltaic
demonstration facility installed and operated by the
Detroit Edison Consortium at Oakland Community
College near Detroit, Michigan has proven to be
durable and reliable within the solar regime of
southeastern Michigan. It has performed largely as
expected and has continuced to deliver clectrical
cnergy to the campus on a daily basis.

Array cfficiency varies monthly according to a
scasonal pattern. Winter cfficicncy declines as
ambient temperature drops. Summer efficiency
improves, but on a delayed basis after a long period
of warm summer temperatures which anncal the
amorphous material. Instantancous variations in
efficiency arc seen to be the result of changing solar

spectrum, calculated as air mass. The initial
Staebler-Wronski Effect degradation, which resulted
in a permancnt efficiency reduction, occurred over
an initial 17 month period, after which the array
stabilized around an annual average cfficiency of
3.56 percent.
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Introduction

In the early 1980s, three first-generation photovoltaic (PV) concentrator
systems were installed in Saudi Arabia, Phoenix, and Dallas. The systems in
Phoenix and Saudia Arabia used passively coocled point-focus modules built by
Martin Marietta, and the one in Dallas used actively cooled line-focus modules
made by ENTECH (formerly E-Systems) {1,2,3]. Although some problems were
encountered, especially with poor-quality solder bonds in the point-focus
modules, the modules in these systems performed remarkably well for first-
generation technology. (Additional problems with the balance-of-system
components occurred, decreasing the overall reliability of the systems, but
that subject is beyond the scope of this paper.)

Despite the success of the early module technology, there are still some
concerns about the long-term reliability of PV concentrator modules. There
are several reasons for this. First, energy-cost calculations generally
assume a 20- to 30-year life in the field; the field experience with the
first-generation systems is on the order of 6 to 9 years, considerably less
than 30 years [4]. Second, relatively few (compared to flat-plate modulesg)
concentrator modules have been deployed in the field, due mostly to the fact
that the economics of concentrators are geared toward larger power markets
that have not yet materialized. Third, concentrator module design has evolved
and changed substantially since the first generation systems were installed.
Most of these new designs have not been installed in fielded systems, And
finally, although a lot of the reliability work on flat-plate modules applies
to concentrator modules as well, there are some reliability issues with
concentrator module designs that are different from those of flat-plate module
designs.

The purpose of this paper is to discuss the current issues of interest in PV
concentrator module reliability. Before describing in detail the reliability
concerns about PV concentrator modules, it should be emphasized that, with
proper design and attention to quality control, there is nothing to prevent
concentrator modules from being as reliable as crystalline-silicon flat-plate
modules have proven to be. Concentrator modules tested outdoors, as well as
in the first-generation systems, have generally been reliable, and no
degradation in cell output has been observed. Also, although they are not
included in this paper, there are a few items currently of concern with the

Prepared by Sandia National Laboratories, Albuqﬁerque, New Mexico 87185 and
Livermore, California 94550, operated for the U. S. Department of Energy under
Contract DE-ACO4-76DP00789.
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reliability of other PV module technologies that are not issues with PV
concentrator technology, such as the stability of amorphous-silicon
efficiencies and concerns about EVA encapsulation [5,6].

Differences in Reliability Concerns Between Concentrator and Flat-Plate
Modules

The biggest difference, from a reliability standpoint, between concentrator
modules and flat-plate modules is that concentrators have a much larger
volume. This large volume means that concentrator modules cannot be

~hermetically sealed; that is, vents must be provided to equalize the pressure

as the temperature changes. Vents allow air of different relative humidities
to enter the modules, and, as the temperature changes, molsture condenses onto
the interior surfaces of the modules. Any exposed electrical circuits inside
the modules are therefore subject to contact with water, which provides paths
for leakage currents and/or short-circuits. This situation, besides being
potentially detrimental to reliability, also raises safety issues. Newer
concentrator designs are addressing moisture intrusion by encapsulating the
electrical circuits inside the modules.

Another difference between concentrator and flat-plate modules relates to heat
transfer considerations. Having areas of concentrated sunlight means that
there is a smaller area in which to remove a given amount of heat. Designing
for heat removal, whether by passive or active means, would not be too
difficult for PV concentrator modules except that the design is complicated by
the conflicting requirement of high-voltage electrical isolation. Generally a
metal heat sink of some sort (either a separate heat fin or a metal module
housing) is used to keep the cells cool. This exposed metal piece must be
grounded and therefore electrically isolated from the cell string. This leads
to electrically isolating layers between the cell string and exposed ground
that are often very thin to promote good heat transfer, This thinness can
create reliability problems with the electrical isolation between the cell
string and the heat sink, especially under wet conditions.

Both flat-plate and concentrator module designs must account for differential
thermal expansion, but the main areas and materials of concern are different
for the two technologies. The two major areas of concern in concentrators are
the cell string with its associated relatively large-area solder bonds and the
seal between the lens and the housing, which may join metal and plastic over a
length of several feet,

Other significant differences between concentrators and flat plates include
the possibility for off-track charring in the interior of concentrator
modules, which must be accounted for in the module design, and possible
differences in hot-spot response.

Failure Modes

Probably the most common source of problems with concentrator module
reliability 1s moisture intrusion. Failures due to moisture intrusion can be
put into three categories. The first is a temporary decrease in power due to
a short circuit; when the water dries, power is restored. The power decrease
is generally due to low-voltage short circuits across individual cell
assemblies or cell strings within a module or modules. The second category of
failure causes permanent damage and can occur when water causes a destructive
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short or arc. The most likely place for this to hdppen is between a cell
string and ground. Molsture intrusion can also create permanent open-clrcuit
fallures if water gets into a solder crack and freezes. The third type of
failure due to moisture intrusion is caused by long-term degradation, such as
corrosion. Examples of this type of failure include degraded cell
metallization and deteriorated optical properties,

Modules under test both in the field and during qualification testing have ,
exhibited several types of failures resulting from moisture intrusion. These
include short circuits between cell strings and ground and between terminals
and ground, high ground-fault currents which prevent' the inverter from
switching on, modules filling with water, corrosion, and degraded optics. The
decrease in energy production of a system due to these failures 1s dependent
on both the system configuration and the location of the failure. It can
range from small short-term losses from individual cell assembles to the
entire system being shut down for a day or more after a rain storm,

Some other important failure modes in PV concentrator modules result from
differences in thermal expansion coefficients. In particular, the solder
bonds that connect the cells are susceptible to fatigue. Each cell typically
carries a current on the order of 10 Amps, so the interconnects (usually
copper) must be robust enough to carry the current. The coefficient of
thermal expansion for silicon is much smaller than that of copper, so the
joints between the interconmnects and the cells must be designed to minimize
stress on the solder bonds. The solder bonds joining cells to copper heat
spreaders (if used) or other substrates must also be designed carefully to
minimize the effect of differences in coefficients of thermal expansion.

If a metal housing is used with a plastic lens (as is frequently done), the
difference in coefficient of thermal expansion between the metal and plastic
must be accounted for in the design of the lens seal. If the seal 1s too
weak, it will not survive thermal cycling. If the seal is too rigid, it will

not allow relative movement between the lens and housing, and the lens will
buckle.

Other types of failures are less frequently encountered, but are worth
mentioning. The materials in the module must be able to witlistand long-term
ultraviolet (UV) light exposure. Some recent module tests have resulted in
degraded or cracked lens seals, material embrittlement, and discoloration of
glass secondary optical elements, The discolored glass secondaries ultimately
cracked when they became dark enough to absorb significant amounts of light,
Off-track concentrated sunlight can char materials (such as encapsulants or
polymeric insulation) if the module is not properly designed. Improper design
also occasionally results in lenses being pulled out of modules by high winds
and failures due to hot-spot heating. And finally, no discussion of
concentrator failure modes is complete without mentioning the importance of
quality control during manufacture.

Current lssues in the Qualification of Concentrator Modules

Sandia has developed and published qualification specifications for PV
concentrator modules [7,8]. The purpose of the tests 1Is to screen new designs
and new production runs for susceptibility to known failure mechanisms;
however, there is insufficient information correlating accelerated testing
with field exposure to establish field lifetimes. The tests include
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ultraviolet radiation testing of materials, characterization of electrical
performance, checks to assure safety and structural integrity of modules, and
accelerated environmental aging or cycling. They are modelled after the Jet
Propulsion Laboratories (JPL) Block V qualification specifications for flat
plate modules [9]. In addition to testing complete modules, separate tests
are conducted on cell assemblies and receiver sections because the recelvers
experience a more severe environment than the rest of the module.

The specifications are currently being revised to incorporate the latest
information on failure mechanisms and the relationships between accelerated
tests and field reliability. The major changes include an increase in the
number of thermal cycles required for receiver assemblies and the addition of
a wet insulation-resistance test.

The most critical components of a PV concentrator module are the cell
assemblies. The cell assemblies, or receivers, collect the light transmitted
by the module optics and convert it to electricity. Degradation of the cell
assembly, in particular degraded or broken solder bonds, causes a
corresponding decrease in electrical output as the resistance in the circuit
increases. Complete breakdown of the cell assembly can result in loss of the

solar cell altogether. Poorly designed cell assemblies can damage or break
the cells.

In addition to being critical to module output, cell assemblies also see the
most severe environment of any module component. Since the cell assemblies
are exposed to concentrated sunlight, they undergo considerable thermal
cycling as the sun rises and sets and the temperature of the assemblies
changes from night-time ambient to 60°C or more. Thirty years encompass

nearly 11,000 daily cycles. Intermittent clouds add additional thermal
cycles. '

Because cell assemblies are so crucial to module output and because they see
the most severe environment, qualification of PV cell assemblies receives
considerable attention in Sandia's reliability work. Tremendous progress has
been made in this area: five years ago very few cell assemblies survived the
accelerated 250-cycle qualification test; now most survive 1000 cycles. Our
understanding of the correlation between field life and accelerated testing
has also improved [10,11]. Accordingly, the revised qualification
specifications will require survival of a minimum of 800 accelerated thermal
cycles for cell assemblies and receiver sections; the current specifications
require only 250 cycles. The cycling frequency may also be decreased, but
this requirement must be balanced against the need to complete the test in a
reasonable amount of time.

Testing in the field and in environmental chambers has established that
moisture intrusion, especially condensation, must be addressed in the
qualification of PV concentrator modules, This is important both for
reliability and for personnel safety. Under contract to Sandia, JPL is
developing a trial-use procedure for a wet insulation-resistance test. The
test will be performed at 500 Vdc in each polarity. The interior surfaces of
the module will be sprayed with water that contains a wetting agent, and the
insulation resistance between the cell string and ground (or other appropriate
locations) will be measured with a suitable high-impedance ohmmeter. This
requirement may allow only one polarity (the circuit or pround) tc be exposed

ol




inside a module and could have a significant impact on future concentrator
module designs. The latest concentrator modules are already belng designed to
pass this test [12].

A number of other less consequential changes to the qualification
specifications are also being considered, such as increasing the numoer of
modules required for testing, adjusting the allowable degradation levels,
adjusting thermal cycling temperatures and frequencies for complete modules,
and specifying tests for optical components, terminal robustness, and bypass
diodes.

Summary

Despite the reliability concerns discussed above, all of the problems can be
solved with proper design, manufacturing, and quality control; none of the
problems require technical breakthroughs for solution. The reliability issues
for concentrators are comparable in nature to many issues of concern in other
PV technologies. Concentrator cell technology has proven to be very reliable,
with no degradation in cell outputs observed in fielded modules.

In certain climates, concentrators still offer potential for producing PV-
generated electricity at lower cost per kWh than flat-plate modules [13,14].
Concentrateor modules use much less cell material than other PV options and do
not require extremely sophisticated production facilities, making their
production attractive to developing areas of the world. Most concentrator
modules require two-axis tracking and accept only the direct-normal component
of the incident sunlight, but these factors are offset by module efficiencies
that are generally higher than those of other PV technologies,

The references below give more comprehensive discussions of the topics
addressed in this paper. In addition to the references called out in the
text, some papers on cell assembly design and quality control for concentrator
module manufacturers are also included [15,16,17).
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PV CONCENTRATOR
MODULE RELIABILITY:

FAILURE MODES AND QUALIFICATION

Beth Richards

Sandia National Laboratories

October 25, 1990

PV CONCENTRATOR
MODULE RELIABILITY

Failures
- Moisture Intrusion
- Differential Thermal Expansion
- Plus UV Exposure
Wind Loading
Off-Track Charring
Hot-Spot

Qualification
- Wet Insulation Resistance Test
- Thermal Cycling Tests
- Other New Tests and Changes

67

vy



Failures due to moisture intrusion can be put into
three categories:

1. Temporary loss of power; when water dries, power is
restored.
(Example: Short across one cell.)

2. Permanent failure; water causes destructive short.
(Examples: Short between cell string and ground,
open circuit in cell assembly caused
by freezing.)

3. Long-term degradation, such as corrosion.
(Examples: Open circuit in cell grid line; deterioration
of optics.)

Safety is also a concern.

We have observed several types of failures resulting from
moisture intrusion:

1. Cell strings shorting to ground.
2. Terminals shorting to ground.

3. High ground fauit currents, preventing inverter
from coming on.

4. Modules filling with wate;.
5. Corrosion.
6. Degradation of optics.

Decrease in energy production is dependent on system
conftiguration and location of failure.
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Differences in thermal expansion coefficients cause failures
at material interfaces.

1. Cell to heat spreader
(solder bonds)
2. Cell to interconnect

3. Lens to housing (glue bond)

Other types of failures are encountered less often.

1. UV degradation:

-- Seals degraded/cracked
-- Embrittlement
-- Solarization of glass secondaries

2. Lens failures due to wind
3. Off-track charring

4. Hot-spot failures
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The purpose of the qualification tests is to screen new
designs and new production runs for susceptibility to
known failure mechanisms.

1. The tests do not establish field lifetimes.

2. Cell assemblies and complete modules are tested
separately.

3. Specifications are currently being revised.

We are considering a Wet Insulation Resistance Test.

1. Response to the high percentage of failures due to
moisture intrusion.

2. Test assumes water will, at some time, be present
inside modules.

3. May require significant redesign of concentrator
modules (already occurring).
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JPL is developing Wet-IR test parameters:
o Perform the test at 500 V. in each polarity

e Maintain the temperature of the module and solution
at 22 + 3’C (72 &£ 5F)

e Wet all interior surfaces of the module thoroughly

 Use a non-ionic, non-corrosive surfactant, such as -
Triton X-100 (0.1% concentration), to wet the surface

» Measure the insulation-resistance between the shorted
~output terminations and ground plane (or solution)
with a suitable high-impedance ohmmeter
(Megohmmeter or Megger)

e Obtain readings after initial capacitive charging
currents have subsided (approximately 2 minutes)

The number of therimal cycles for cell assemblies will be
increased significantly.

o Current specifications require 250; new
specifications will require at least 800.

e Thermal cycling frequency will likely be
reduced from 36 cycles/day to no more than
24 cycles/day.

» Requirements for realistic test must be balanced
against length of time required for test.
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“Several new tests will be added:

° Nonintrusive hot-spot
o UV exposure
» Terminal robustness
e Static loading
e Bypass diode qualification
o Twist
Also, other more minor changes in allowable degradation

levels, number and frequency of cycling tests, and number
of test modules required.

Results from the Field Surveys of First-Generation
Systems have Demonstrated Concentrators to be a
Reliable Technology

No degradation in cell output has been observed.

Vast majority of modules show no deg‘radation in output.

Power degradation is due mostly to discreet module failures caused by
open circuits in solder bonds connecting cell assemblies.

In general, the failures observed in the first-generation hardware can
be avoided with better production quality control and improved
designs.
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The World is Ready for PV
but
Is PV Ready for the World?

John Schaefer
Electric Power Research Institute

Photovoltaic Module Rellability Workshop
Lakewood, Colorado October 1890

The World is Ready for PV

What emerges If we think globally?

Global ciimate change may be occurring now.

it surely will occur it we increase carbon dioxide content.

Growth of coal burning In developing natlons will dwarf
today's carbon dioxide production, so

Race Is between solar or nuclear development and
Industrialization of developing natlons.

If wa win the race there is an esnormous market for PV,
among other benefits.

/
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The World Is Ready for PV
How large is the utility market for PV?

« ANl U.S, slectricity can be suppiled by about 1,000,000 MW

- Assumes adequaste storage and
- Good sunshina {33% CF)

« This ie a big enough eleciricity market that the PV industry
can double every year for 15 years before saturating it.

» In the waestorn U.S. (WSCC) utllities can take at least 30,000
MW without significantly altering system operation,

+  But there is competition for this market:

\

/

- Wind , -~ Blomass
- Solar thermal - Nuclear
- Geothermal

but

is PV Ready for the World?

Utilities are the first big market for PV, but what wiil It take
to reach them?

°

Utllities are difficult to sell; thay Insist on a low
risk product.

- They have no Incentive to take risks.

- But thay do respond to pubilc pressure.
Utilitles want PV to be:

-~ On time,

-~ According to speclfication,

~ Reliable,

-~ Backed by service, and

-~ Low in cost.

How are we doing In meeting thesas needs?

\
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Is PV Ready for the World?
Utillties' PV Manufacturers
Needs Conslstently Satisfying Need
Oon time ‘ one
According to spec. none
Fellable . one
Backed by service o one

but

Is PV Ready for the World?

Utllitles look at powsr plant performance. Thanks to the
foresighted efforts of governmant and private programs we
have some results from PV power piants:

Pheonix-Sky Harbor Austin PV 300

Hesperia-Lugo Detroit
SMUD Oriando
Carrisa Plains PVUSA

Phoenix-John Long

Each of thesa plants has taught us something of value.

/

I
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Is PV Ready for the World?

Do PV power plants produce the power outputs thelr bullders

claim?

\

/

Nameplate Measured
_Plant Rating (kW) Rating (kW)
Phoenix-Sky Harbor 225 173
Hesparia Lugo 1 500 362
‘Hesperia Lugo2 500 367
SMUD PV1 1000 932
Carrisa Plains 6500 5100
Phoenix-John Long 200 166
SMUD PV2 1000 87s
Austin PY 300 326 258
Detroit 4 4
Orlando 15 14
but

Is PV Ready for the World?
Utilities will lock at these capacity factor data:

Blant. J984 1985 1986 1987 .1988 1989

~

/

Phoenix-Sky Harbor 10 22 22 29 outof service
Hesperia-Lugo1 32 35 .23 28 33 36
Hesperia-Lugo?2 34 35 24 30 33 a7
SMUD PV1 na 23 25 7 0 13
Carrisa Plains 29 30 29 25 24 21
Phoenix-John Long 21 22 23 20
SMUD PV2 23 23 19 9
Austin PV300 22 25 23
Detroit 14 15 14
Orlando-Solar Progress 20 16
76

HE N En N aE S BN Sy s



i

CEIRR 1}

= &=

/

but
Is PV Ready for the World?

Utllitles will look at these capacity factor data:

\

!

Blang J984 1985 1986 1987 1988 1969
Phoenix-Sky Harbor 10 22 22 29 outof service
Hesperia-L.ugo1 32 35 23 28 33 36
Hesperia-Lugo2 34 35 24 30 33 37
SMUD PV1 . na 23 25 7 0o 13
Carrisa Plains 29 30 29 25 24 21
Phoenix-John Long 21 22 23 20
SMUD PV2 23 23 19 9
Austin PV300 22 25 23
Detroit 14 15 14
Orlando-Solar Progress 20 16
but

Is PV Ready for the World?

Litilities will look at these capacity factor data:
MWh

Plant, J1384 1083 1986 1967 1906 1989 lgsses
Phoenix-Sky Harbor 10 22 22 29 out of service
Hesperia-Lugo1 32 35 23 28 33 36 697
Hesperia-Lugo2 34 35 24 30 33 37 514
SMUD PV1 na 23 25 7 0 13 4488
Carrisa Plains 29 300 29 25 24 21 9829
Phoenix-John Long 21 22 23 20
SMUD PV2 23 23 19 9 1381
Austin PV300 22 285 23
Detroit 14 15 14
Oriando-Solar Pragress 20 16

~

/
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Is PV Ready for the World?

What are the sources of poor performance?
+ Poor sunshine
+  BOS components caused most outages:

- PCUs, connections, switches, dlodes, cables,
fuses, contactors and trackers.

- Losses total about 7000 MWh,

+ Module degradation has smerged recently as a
source of joss,

- Brown cell at Carrisa Plains has cost about
9800 MWh.

/

//

: but
Is PV Ready tor the World?

What does all this mean for us tocay In Lakewood?

» Wae can learn from each othet's experiences, and
rmove on to new lessons rather than repeating the
old ones.

«  Wa will have to try new solutions to some
_ problems.

+  What we'ra doing hera today involves difflcult
problems.

+  What we're doing here Is also very important.

<
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THE USE OF INDOOR LIGHT SOAR DATA 10 PRQO2cCT
END OF LIFE QUTPUT POWER OF HYDROGENATED
AMQRFRQUS SILICON SGLAR MODULES
D, Cunninanam and J. Morris
Solarex. Thin Film Division
820 Newtown-Yard\ev Road
Newtown., PA 18940

Introduction
It is well Known that tne cerformance of hydrogenzted amorchous
silicon (&-Si:H) sotar C°12$ decreases when the cells are exposad
to light (11. 'Studies of this light inducec degradation have
shown that: (1) under constant illumination the normalizec con-
version e Ticiency of a solar cell decreases linearly with tne
loag of time [1.2). and (2) for sinale junction solar cells the
rate of liant 1xduced degradation increases with increasina 13-

layer thickness [1). 1In addition it has been demonstrated tnat
the rate of dearadation for multi-junction solar cells is a\Cn1T‘
jcantly lower than for their single junction counterparts [3,4],

Stability studies are tvyoically carried out in the ]aoqratqry
under controiled canditions. that is, under constant illuminaticn
intensity and constant temperature. The solar ceil <c¢naracteris-

tics are measured at reqular intervals to determine the effect of
continuous liant exoosure on the performance of the «cell, in
contrast to well controlled indoor stability studies. modules
placed outdoors are subject to wide variations in illumination
iritensity and temperature. In addition. unless extraorcinary
grecautions are teken, it is likely that the spectral content of
the liaht source used to dearade solar cells in the laboratory is
sianificantly different than that experienced by modules placed
outdoors. It is therefore not obwvious that indoor 1light soax
date can be used to pro1ect the performance of a-Si:H wmodulies
installed outdoors.

In this pacer we compare projections of the normalized outout
pewer of a-Si:H modules based on indoor liaht soek vate toc tne
observed normalized output power of modules wnich nav been
deqradeg outdoors. The comparison is made for both sincie &nc
tandem junction modules, We find that the normalized outout
power projected to 1000 hours of continuous illumination fron
indoor liant soakx data is in excellent a@areement with that oo-
servec for modules which have undergone 1 vear of outdoor expo-

sure, For cinale junction modules comoarison of measurements
made at the end of the first and secons years of outdoor exposure
indicates that no detectable liant induced decaracation occurs

cduring tne second year of outdoor exposure,
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Experimental Procedures

Module Fabrication

The =<sinale and tandem junction modules used in this study were
fabricated on conductive tin oxide (CT0) coated glass by thne dc¢
glow discharae decomposition of silane and otner gases. In &l)
cases the i-lavers were a-Si:H. The °1nq1e junction wedules nad
i-layers aoproximately 2800 Angstroms in tnicknegs wnile thne
thicknesses of the front and back 1—laverb of the tanmdems moduies
were about 650 and 3000 Angstroms., respectively. The mogules
were all of monolithic construction: the sinale junction moduies
lad 14 series connected seaments and tne tandem modules hadg 7

saries connected segments,

Qutdoor Exposure

Thirty seven sinale junction modules have been mounted outdoors
for over two years., These modules were mounted at an anale of 35
deqrees to the horizontal. facing due south in Newtown, Penasyl-

vania, The modules were held at open circuit voltaqge. In Octo-
ber of 1988 seventeen tandem junction modules were placed out-
doors. Newtown 1s located northeast of Philadelphia., FPennsylva-

nia with aporoximate latitude of 43 dearees. The climate s
temperate, often with hiah humidity. Over the course of a vyear
tine air temperature may range from & low of about =-20 degrees

Centigrade to a hiah of about 35 degrees Centigrade. Each of the

single junction modules and the 17 tandem modules were taken
indoors and (after the module temperature stab1]1zeo) measured on
a calibrated solar simulator according to a fixed qchedu1e.
After the measurements were taken, the modules were returned to
outdoors the same day.

Indoor Light Soak

To obtain data on the rate of degradation of modules which ware
continuously iltluminated indoors, 46 single junction modules ang
18 tandem junction modules were exposed to a constant illumina-
tion intensity wusinga hiaeh pressure sodium vapor lanmps ine
modules were mounted above the lamps at open circuit and tne lamp
intensity was adjusted to 100 +/- 5 milliwatts per sauare centi-
meter usina an approoriately filtered crystalline silicon refer-

ence solar cell., Good spcatial uniformity of i3illumination was
cbtained by means of reflectors which had been coated with nicaly
reflective paint [5). The temperature of the modules ouring

1ight soak was maintained at 45 +/- 3 degrees Centiqrade by means
of continuousl_ running fans. The mocdules were under continuous
illumination except wnen tney were removed for testing, inis
typically occurred after 2, 20 and 168 hours of exposure,

A1l I-V measurement for the modules dearacded indoors and out-

doors were perform.J on & calibrated Spire Corporation sclar
simulator (6].
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Sinale Junction Modules

1 <hows the normalized wmaximem output power olotted
& the lca of illumination time for the sinale junction
;0 GeadracEs Ingoors. in ficure 1 th» data taken at I, 20
an 8 nhours i3 extraocolated ont to 1000 hours of continuous
exposure. In this and subsecuent ficures the error bars ind;rafa
the samola standarag deviatiou of tne normalized outvut power. An
analysis indicates that the observed variation may bte attributed
to tne redeatacility ot indivicual samole measuremants,
Fiaure 2 chows the rormalized meximum power outout of the <inale
junction modules dearaded outdoors plotted zg&inst the joq of the
numoer  of  davz of ocutgoor esoosure., The averaaqe normalized
outout powar at the end of one vear and at the enc of tw: years
{ezoroximately 730 davys versus 365 Cave) of outdoor ,<n0uure i s
ersentiaiiy  tre sawme. indicating that tne modules hav ctaoi-

Ted

In the opresent case we wisih to compare the normalized output

power obtained by extreacolating the incoor liaht soak data out to
10309 nours wita the normalized outout power of the mocdules de-
creced  cutdoors after 1 year of exposure., Figure 3 is a histo-
aram of the rnormalized output power of the thirty seven f\nqxe
junction modules after one year of outdoor exposure, For refer-
ence the test fit mormal curve s swuoerimposed on the histoQram.
The averaaoe normalized ouboul power is 0.7 . while the stancard
deviation of the samole i3 0,04, Ficure 4 is a nistooram of the
e rtad  nermalizeg output power of the comoanion sinale
mocuies which were deqraﬂed ingoors, The best it
narmal curve for this data 1s shown suesrinpoosed, The averaage
ectracnlaeted normalized outout ocwer for tnis samnle i3  (0.765
whicn 1% in  e<cellent aareement witin the averaqge normaWized
gutout pawer of 0.74 found for the mocuies deaeraded outdoors

is & histogram of the normalized outout power of the
| iunction modules after two years of outdoor expo-
fiaura the average normalizec ocutput powar
@s is 0.74., with the sample standard deviation of
Thﬂe e very similar to the resuits obtained after the
eer © guTdoOr exposure.,
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Fioure 5 show: tne normalized ocutout power plotted &qzinst thne
loa of 1Humina:"}on time for the teéendem mogules cedraded I1ndoors,
wn1lle Fiture 7 cnows the normalized outout power of tne tanagen
nosules ciotred eaainst the loe of the number of davs of outdoor
geagcsunre .

Fizure @ is & nistonram of tne extracoiated normaiized outout
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range and time scales involved in this study. In addition, we
find for sinale junction modules outdoor liaht-induced degrada-
tion effects occur during the first vear of outdoor exposure,
with no detectable additional degradation during the second year.
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CuIn8e, MODULE ENVIRONMENTAL RELIABILITY

Dale E. Tarrant, Robert R. Gay, Jean J. Hummel,
Cynthia Jensen, Al R. Ramos

Siemens Solar Industries
P.O. Box 6032
Camarillo, CA 93011

Summary

Environmental testing data are presented and discussed in relation
to the qualification of CuInSe, (CIS) as a durable photovoltaic
material and to the Interim Quallflcatlon Tests and Procedures for
Terrestrial Photovoltaic Thin-Film Flat-Plate Modules (IQTP).
Groups of modules having no significant change after 10
humidity~freeze cycles are reported. Heating during module
packaging or during environmental testing to temperatures above
those norma.ly encountered by modules in outdoor service may
introduce a temporary power loss; the power recovers with time to
near the initial power. Data indicate that temperature alone,
rather than temperature combined with humidity, causes the
temporary power loss and that CIS is not inherently sensitive to
humidity. Hermetic seals are not in general necessary for CIS
materials. The IQTP may improperly indicate poor performance if
the temporary power loss 1is not considered in electrical
performance testing between different sections of the environmental
test procedures and at the end of all environmental tests. Data
are not available to validate accelerated testing as a means of
predicting long term in-service performance; however, correlations
between outdoor and accelerated testing are seen.

1. Intrecduction

Thin film CulnSe, (CIS) is a promising high power, low cost
photovoltaic material, both as a stand alone single junction
circuit and as the narrow band gap corponent in tandem junction
circuits [1-3]. Research on CIS devices and modules has advanced
the technology rapidly over the past five years. CIS technology is
now moving from the research lab to the pllot production floor.
The focus of CIS technology d2velopment is increasingly directed
toward large areas, process uniformity, process reproduc1b111ty,
and mcodule durability. Prototype monolithic, integrated <cIS
submodules (unlamlnated and unframed mcdules) with power densities
greater than 100 wVﬁn have been fabricated on low cost, large area
substrates using equipment and processing technlques compatible

‘with commercial production.

We previously reported a 35.8 W, 0.4 m? submodule, fabricated
in our research and development fa0111ty in Chatsworth, California
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[4]. Since then, CIS fabrication activities were relocated to a
new pilot production facility in Camarillo, California. Initial
operation in this facility has produced a 37.8 W, 0.4 mé CIS
submodule with 2.51 A short circuit current, 23.9 V open circuit
voltage and 0.631 fill factor tested at 25°C under 1000 W/m?® ASTM
air mass 1.5 global illumination [5]. The electrical
characteristics of the submodule average to 36.6 mA/cm? short
circuit current density and 451 mV/cell Vo and eguate to
efficiencies of 9.7% on an aperture area of 3905 cm?® and 10.4% on
an active area of 3629 cm®. The average interconnect width on the
submodule is 0.041 cm.

As reported in reference 5, when the submodule aperture area
efficiencies previously demonstrated on 0.1 m® areas are achieved
on 0.4 m* areas, submodule power will increase to 43.6 W. Future
0.4 m?® CIS submodule performance has been modeled using the
junction characteristics of the 14.1% efficient 3.5 cm? CIS cell
previously reported (4], and using interconnect widths and contact
resistances typically measured on 0.1 m?® submodules [5]. The model
projects that the performance of 0.4 m® submodules will rise to
51.8 W when the junction efficiency previously demonstrated on
small-area cells and the patterning routinely demonstrated on 0.1
m?’ submodules are realized on the larger area [5].

In this paper, accelerated environmental testing data (based
on Block V [6] procedures) are presented and discussed in relation
to the qualification of CIS as a durable photovoltaic material and
to the new Interim Qualification Tests and Procedures for
Terrestrial Photovoltaic Thin~-Film Flat-Plate Modules (IQTP) [7).
Correlation between outdoor service and accelerated testing is also
considered. :

2. Submodule fahrication

The basic CIS cell structure includes a ZnO front transparent
electrode, a thin (less than 50 nm) ¢ds layer, a CIS layer, a Mo
back metal electrode, and a soda lime glass substrate. Gallium is
added to the CIS layer in low concentrations to improve cell
performance. A detailed description of the CIS cell structure and
an analysis of CIS junctions are presented elsewhere [8,9].

Monolithic, integrated CIS submodules are fabricated on 4140
cm?® glass substrates. The 32.2 cm x 128.6 cm substrate size is
also used in Siemens Solar Industries' standard crystalline silicon
and thin film silicon:hydrogen alloy (TFS) products. Thin film
layers are deposited using equipment that is suitable for pilot
production and capable of high effective deposition rates with high
materials utilization efficiencies. Multibeam laser scribing and
multitip mechanical scribing reduce the total ratterning cycle time
and provide narrow (0.025 to 0.041 cm) electrical interconnects
across large subhmodule substrates.

Submodules are divided into 53 cells, each measuring 0.577 cm
wide, including an interconnect (Fig. 1). The submodule
interconnect region is shown in the expanded cross section of Fig.
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1 and is discussed in detail elsewhere (4,10]. Approximately 240
cm® of substrate perimeter area is used for lead attachment. This
perimeter area is subsequently covered by the module frame during
packaging operations.

3. Module packaging

Submodules are encapsulated to mechanically protect the thin
film layers and the encapsulated submodules are framed to
strengthen the module package and provide for mounting. We have
investigated a variety of module packages that were originally
developed for Siemens Solar Industries' crystalline silicon and TFS
products. These include glass/polymer and glass/metal sheet
configurations wused in crystalline silicon products, and
glass/glass configurations used in TFS products. Recent efforts on
CIS modules have emphasized the glass/glass package configuration.

Before submodules are laminated, electrical leads are soldered
on each side of the circuit. A cover glass sheet is then laminated
to the submodule plate with thermally cured ethylene vinyl acetate
(EVA) to form a durable glass/EVA/thin film circuit/glass laminate.
The cover glass is low iron, waterwhite glass, which reduces
photocurrent loss due to absorption in the cover glass. The
present design uses a 0.3 cm thick thermally tempered cover glass
with approximately the same dimensions as the submodule substrate.
A reaction injection molded (RIM) plastic frame provides additional
mechanical support and finishes the prototype module package.

Heating the submodule during lamination causes a temporary
power loss. With time the power returns to nominally the same
power as before lamination. The improvement with time after
heating has been called recovery and, as will be discussed, must
also be considered durint accelerated environmental testing since
the submodules are heated to temperatures that would not normally
be encountered in outdoor service. Figure 2 shows power recovery
with time after lamination. Power changes are dominated by changes
in the slope at open circuit component of the fill factor.

4. Environmental testing

Module stability is being evaluated under continuous outdoor
exposure at test sites in Colorade and California (Fig. 3).
Submodules laminated between a cover glass and a backing metal
sheet with EVA have changed less than 6% after 17.5 months of
continuous outdoor exposure at the SERI PV Outdoor Test Site in
Golden, Colorado [11]. Similar stability has been observed on
submodules laminated in glass/glass packages with EVA after 11
months of cumulative outdoor exposure at test sites in Chatsworth
and Camarillo. This group of modules received 6.5 months of
continuous outdoor exposure, followed by a 6.5-month period
indoors, followed by an adfitional 4.5 months of continuous outdoor
exposure. The interrup.ion coincides with the relocation of
Siemens Solar's CIS operations from Chatsworth to Camarillo.
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Module durability is also being evaluated using test
conditions defined in the 1981 JPL Block V standard test sequence
(6]. The test sequence was developed to predict the durability of
crystalline silicon modules, but has also been applied to thin film
modules [12]. Initial tests on early prototype modules showed that
the humidity~-freeze (HF) portion of the environmental test sequence
caused power losses ranging from 15% to 50% [5). Evidence of
moisture penetration and delamination was observed.

Recent module test groups include a variety of different edge
seals at laminate edges. Before module test groups are laminated,
adhesion measurements are made on representative samples using
adhesive tapes with pull strengths of 1-90 o0z/in. The stability of
modules after 10 HF cycles is expressed as a ratio of the power P
after the test to the P, before the test. Distribution plots are
used to identify trends within large test groups.

As reported in reference 5, data on recent test groups
indicate that stability through 10 HF testing correlates strongly
with adhesion at the CIS/Mo interface (Fig. 4). In module group A,
the median module retained 93% of initial power after 10 HF cycles.
All of the group A submodules passed tape adhesion tests at a
minimum pull strength of 25 oz/in. In module group B, the median
module retained only 58% of its initial power after 10 HF cycles,
The group B submodules typically passed tape adhesion tests at a
pull strength of only 1 to 5 oz/in. The impact of different edge
sealing techniques was obscured by the strong dependence on film
adhesion.

Modules from group A recovered with time and after about 30
days a significant number have nominally the same power as before
HF «c¢ycling (Fig. 5), Group B modules did not recover
significantly. Two subgroups are seen in the group A data: modules
that recover to about the 98% of initial power and modules that
recover to about the 92% of initial level. Differences between the
subgroups have not been correlated with adhesion. This loss and
recovery from 10 HF cycling is similar to the thermally induced
loss during lamination.

Experiments were performed to distinguish between temperature
alone and temperature combined with humidity effects during
environmental testing. Temperature cycling with and without high
humidity produces nominally the same temporary loss in power (Table
1). Temperature and humidity cycling defined by Block V
procedures produces nominally the same temporary loss as the Block
V cycles with the humidity eliminated and nominally the same effect
as for the 50 temperature cycles section of the Block V
environmental tests. The results after recovery are also nominally
the same (the after recovery data include 200 rather than 50
temperature cycles).

Additional data support the findings of a solely thermal
contribution to the temporary power loss during HF cycling and that
CIS is relatively insensitive to moisture. Edge delamination of
RIM-framed modules was previously reported [5]. This has been
resolved by improvements in RIM framing. However, the performance
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of delaminated modules after 10 HF cycles is nominally the same as
for modules that did not delaminate. 1Insensitivity to moisture
penetration in the delaminated modules is indicated. Insensitivity
to moisture penetration is also indicated by tests on structures
designed to prevent moisture penetration. A variety of moisture
barrier edge seals and larger than norm:l vapor resistent perimeter
areas have been tested through 10 HF cyullng with no significant
performance differences.

A solely thermal contribution to the temporary losses during
HF cycling has been demonstrated and indicates that CIS 1is
relatively insensitive to moisture. Therefore, a hermetic seal is
not in general necessary for CIS materials. This does not imply
that all CIS materials are inherently insensitive to moisture:; the
insensitivity to humidity has been demonstrated for only group A
CIS materials.

In the IQTP, electrical performance tests between different
types of environmental cycles and at the end of environmental
cycles may improperly indicate poor performance if the temporary
power loss and recovery are not considered. After environmental
testing, time should be allowed for the power to stabilize. The
IQTP calls for successful completion of electrical-performance
tests after the thermal-cycle test and before proceeding to the
humidity-~freeze test. Time should be allowed for the power to
stabilize between the thermal-cycle and humidity~freeze tests or an
exception should be made for materials that are known to have a
temporary power loss that is related to accelerated testing and not
to outdoor in-service performance. For the data presented here,
measurements after HF cycles are first made one to three days after
10 HF cycling. For the modules presented in Table 1, electrical
performance tests, even after three days, would have improperly
indicated poor performance. After recovery, the performance is
excellent. Three days after HF cycles, modules from group A of
Figures 4 and 5 recover to 93% of initial power. 2After recovery,
a subgroup of modules recover to 98% of their initial power. It is
possible that these modules would be rejected if measured
immediately after HF cycles. Also, distinctions between the two
subgroups (Fig. £) wonld have been missed with only a pass/fail
criteria. Without rescovery most of the modules tested would have
passed the IQTP criteria of losing less than 10% of initial power;
however, distinctions between modules in the range from 90% to 100%
of initial power would have been lost. Different CIS materials
that pass the 90% pass/fail criteria may not perform equally well
in service.

Data are not available to validate accelerated testing, such
as IQTP, as a means of predicting long term in-service performance;
however, correlations between outdoor and accelerated testing are
seen in some cases. Figure 6 is a plot of power versus the number
of days of outdoor exposure (at Siemens Solar Industries in
Camarillo, Celifornia) for: the average power of 11 group A
modules, two modules from group B, and the best performing module
from group A. As for the HF cycle ~erformance, modules from group
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A are stable while mcdules from group B lose power. Differences in
the processing of CIS can affect outdoor reliability and
accelerated test results. For these two groups, short term (akout
100 day) in-service performance follows the same trend as
accelerated testing. '

5. Conclusion

Recent significant improvements in CIS performance have been
.attributed to improved adhesion at the CIS/Mo interface. Groups of
modules having no significant change after 10 HF cycles have now
been demonstrated. Heating during module fabrication or
environmental testing to temperatures above those normally
encountered by modules in outdoor service may introduce a temporary
power loss; the power recovers in time to near the initial power.
Data indicate that temperature, rather than temperature along with
humidity, causes the temporary power loss and that CIS is not in
general sensitive to humidity. Hermetic seals are not inherently
necessary for all CIS materials. The IQTP may improperly indicate
ponr performance if the temporary power loss and recovery are not
considered in electrical performance testing between different
sections of the environmental test and at the end of all
environmental tests. Data are not available to wvalidate
accelerated testing as a means of predicting long term in-service
performance; however, correlations between outdoor and accelerated
testing are seen.
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Table 1.
Module recovery after temperature cycling. Power after

environmental testing and recovery divided by power before
environmental testing.

‘Average
Standard Deviation

Number Partial Full
of Recovery Recovery
Modules
Lot I
‘50 temperature cycles 4 0.89 ———
0.02 ————
200 temperature cycles 4 - 0;97
O o 00 06
Block V humidity-freeze cycles 8 ‘ 0.86 0.93
0.04 0.03
Temperature cycles of Block V 4 0.83 0.98
humidity-freeze cycles but 0.07 0.06
without humidity
Lot II
Temperature cycles of Block V 4 0.92 1.03
humidity-freeze cycles but 0.02 0.02

without humidity
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Dale E. Tarrant

53 Series
Connected
Cells

CIS 0.4 m2 MODULE

)

CulnSe, Module Envirommental Reliability

Fig. 1. Cross section of CIS module.
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Dale €. Tarrant CulnSe, Module Envirormental Reliab.lity
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Fig. 2. Recovery from lamination.
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Fig. 3. CIS module stability outdoors.
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Fig. 4. CIS module stability after 10 humidity-freeze cycles.
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% Loss After Recovery

Fig. . CIS module stability after 10 humidity-freeze
cycles and recovery.
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Fig. 6. Dependence of CIS stability outdocors on processing.
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EUREKA MODULE
DESIGN FEATURES

a-Si Thin Film PV
31" x 6717 '
Glass/EVA/Glass Laminate
1/2" wide Border Isolation

Absence of Conducting Frame

Mounts are interior to Module
Sealed Connectors on Wires
Ultrasonically Bonded Busbars
Double Strength Glass
o0 Watts Stabililized
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EUREKA MODULE
HOT SPOT TEST

A 1x3’ version of a Eureka
Module went through the
Hot-Spot test in UL 1703,

performed at room temperature,
with no change in efficiency
and no visible damage.

A full size Eureka Module is

currently being tested at 50 C.
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EUREKA MODULE
BYPASS DIODE THERMAL TEST

This test has not been carried
out at the present time.
The location of the bypass diode
has not been established.
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EUREKA MODULE
HAIL IMPACT TEST

Two Eureka Modules were tested
by Southern Electric International.
They withstood without damage
impact of 1° diameter ice balls
at 52 mph. The modules were not
damaged until corner target
locations were struck with ice
balls travelling at 120 mph.
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EUREKA MODULE
MECHANICAL LOADING TEST

~ This test is scheduled to
be performed in the next month.
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" EUREKA MODULE
THERMAL CYCLING

Chronar has only one
environmental chamber that
can hold a full size Eureka
Module, and it is being used
- for humidity/freeze cycling.

A Eureka Module was cut in half
and one of the halves thermally
cycled 200 times in a smaller
chamber. It showed a peak power
drop of 5%.
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EUREKA MODULE
- HUMIDITY/FREEZE CYCLING

'Th'e average change in power output

~of a Eureka Module resulting from
- humidity/freeze cycling is -2%.
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' EUREKA MODULE
WET HI-POT TEST 1

In order to pass the Wet Hi-Pot Test
and the Wet Insulation Test, we
adopted a commercially available

sealed connector. This connector
can pass the Wet Hi-Pot test
(completely immersed) after
humidity/freeze cycling. Modules
with this connector on them are
currently undergoing humidity/freeze
cycling.
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EUREKA MODULE
WET HI-POT TEST 2

Leakage currents from the
long sides of Eureka Modules
are typically about
4 microAmps and go up less
than a factor of two on
humidity/freeze cycling.
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Encapsulation and Termination Processes for High
Reliability of Thin Film Modules

Gilbert Duran, UPG

Paper Not Available at Time of Printing

121

gy



 NOILVLS INTWINAdX ] NOIDTY ISTMHLNOS

0JIXa|N MaN ‘sadni) seT
AlSiBAIUN 21B1S 02IXa|N MeN
uoije)s uawitadxg uoibay 1Isemuinos
S9|IMm uyorp

saoijoeid uoile|jeisu
pPapUaWILWLIOIaY JO YOOqpPUEH V

123

@JPOY I11}39[7 |[euolleN sy L
pue
Swa)SAg Jamod die}|onoloyd




NOILVLS INAWINAIX NOIDH Y LSHMHLN0S

slo}oadsu] puE ‘siouwinsuc) ‘sisjjeisul
‘siajea( ‘siainioejnuely ajqeabpajmou)] -
swalsAs Ad dlqein ‘e[gei|aYy ‘ejes -

saAl}o3lqo

a3 W m | P woan B o '

124

,_%_ %;_, N



31l i;

NOLLVLS INTNIHTIX J NOIDAY JSTMHLNOS

sauizebeyy Jeindod ui sajoiuy

sla|jeisuy/siajeaq pue ‘saliin
‘s10300dsu| [B2LI}09)32 1C) Sleuiwas

abueyosialuj jeaiuyda
JjooqpueH siyj jo uoljeuliusssiqg spip

® @
125

®

- poula




NOILVLS INTWINAIX T NOIOTY ISTMHINOS

apo9 10 Ad Yllm Jeljiwied 10U ale siajjeisu|
S}onpold palsal 1n maed

J|J@SINoA 1 od Si Ad SAes buisilienpy

pui4 o} pey s! Juawdinbz oQ

swa)sAg Ad 10 D@ ylim Jejjiwie Jou siojoadsuj
AOG UBY} SSa uang—sabeljop |je 10} saljddy apo)
uoI}oe S}J00YH SSeln)

siojoed bunnqguuog

5 B S SR OB

2
&

;,%W,_,_) :,m_,_w_, ,_



| "
,f;,__s_w Ik

NOLLVIS INTIVINAIX T NOIDTY ISTMHINOS

sjusuoduwion panoiddeuop jo asn -
uo1103}0.d HNAIID-HOYS ON -

S]1o3uUuU09si(] dlenbapeu} o
wawdinbg n jo esnsipy -
U0I103]0.d JUSLINJIBAQD ON -
spoylajn buliipg ajesun -

127

swe|qoid Ad




NOILVIS INTFWIHAIXH NOIDA Y LSTMHLI0S &

| SaSNJ (IOH,, °
pasodx3 ajqe Jojonpuo) ajbuig -
S100PINQO PAs() 9|qen paey ioopuj -
's10}onpuos) BuipunoJy uj sjuaung -
 saxog apisinQ saonds -

Buni ajesun

i ;_g iy




az ,::_: il

NOILVIS INTWIHIIXF NOIOTY LSTMHLAOS

suclloauuo) 1adoisdwl-sOg -

aINjsIopy /S}oIjoY UIBI1S-SO|NPOY »

awdinb3 1n jo asnsipy

- 129

mct:s lajionuj o1 Aiojeq -

Buriip Aediy -

U0I[}39]0.d JUus.LINJIaA(Q ON

o '




- EE S AR aE B S G 0N DD I B S0 O D B G o (o

NOELVLS INTWINTIX NOIOTY ISTMHINOS

abejjontepun

padno.ic) JON/peYiewun

Jua.ny pue 9g-paley Ajiadoud 1oN
wawdinbg ajejosj 01 Aepp ON

® ®
130

S}oauuo09siqg alenbapeuj



i __E_;,_i

' NOLLVLS INTWINZIX T NOIOTY ISTMHLNO0S

piezeH ailj o1qISSOd -

SjuaLing 1nalin-Hoys sjpueH
jouues) siadyealg Hnali) ‘sasnd ‘saydlimsg

(soLeleg ylim swiaisAs ul bhm_:o_tmn:
U01199]0id HNJIID-HOoYS ON




kb o .

NOILVIS INTWINAIX G NOIDTY LSTMHLAOS

sdwy 00S‘v-005‘c ybnoiyl 197 yesd —

dwy Q0L - 21V 000°02 - OAA SCL —

paldinbay sasnd Huipwi ualing

| IV 000°6-000‘y —

sia)jealg HnJll) pue SaSii4 paley o0

¢—S|199) Jabie1-ojueg Alelieg

. Spu09ag QL 01 ¢ - sdwiy 000°9-§ —
puodasi|jijy jo uonoeid - sdwy 0008 —

Aenieg H-v 022 HIOA 9

®
132

sjualing Hnaiin-Moys

LR



I _: ,G: Ul

NOILVLS INTWIIAIX T NOIDTY ISAMHLINOS

OlI\ P3]SIJUON -
sasn4 pue sayalimsg oy -
sasn{d oiny -

112
Al

sjusuodwon pano.iddeuopn

e e s




b b e

NOILVLS INAWINAIX T NOIOTY LSTAHLAO0S

7 pue Ad ulesT sio10adsu]

swolsAg apesbdn pue alignd s1eanpg Alsnpuj Ad -
sjusuodwon peziubodey asn -

spaepuels 1n o1 wawdinb3z piing -

Auoyiny Aq pejoadsuj aq swslSAS Ad

| 93N 2y} uiea] siagjjeisuyj -
SUBIO1I}O3|] PasLIadiT] awoIag 10 as() SIA|{BISUl Ad

iS4

SUONEPUSWWOI9Y

' I ,M,
LA %_3 I



Lol o il

NOILVIS INFWINTIX 5 NOIDTY ISTMHLNOS

swialsAg abejjop ajdijiniy -

S32IN9(J JURLINJIAAQ0 Buniwig-luaiing
S.10]10NpPUOY) 181I8AU| pue 22.1n0S o Alloeduwly -
S101oNpU0Y) 3NPON 4N "SA ISN °
sjuawalinbay wolsAg jjewig -

1019NpUos pspunoly) jo Bulusmsg -

135115{1

SNOILVOI4ld V10 O4N

ey



e

il

STABILITY RESULTS
ON
Ccds/CdTe

SUBMODULES

By

Scot P. Albright, Rhodes R. Chamberlin

Under SERI Subcontract ZN-0-19019-1

AT

PHOTON ENERGY, INC.

96504 Rairoad Dr.
El Paso, TX 79924
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SUMMARY

The reliability of a large-scale photovoltaic module is probably
the most important performance parameter related ¢to any
photovoltaic product. It 1is also the most difficult to
extrapolate to a real time base from short term accelerated
or real time reliability testing.

This paper attempts to describe a methodology utilized at Photon
Energy Inc. (PEI) that forms an early basis for making reasonable
rellability projections for a relatively new product. Many of the
details have been given earlier.[1]

Utilizing both accelerated testing methods and real time outdoor
life testing methods, the following statements can be made:

* Thermal cycling experiments indicate there are no signiflicant
issues due to glass-metal bonding in the PEI design.

* The humidity freeze thermal cycling testing regime indicates
that further improvements can still be made in order to better
insure the long-term reliability of the product.

* Water permeability values into the modules of 12ss than 50 mg
~per year per linear foot of edge are becoming the norm.

* Farly 1life testing results at SERI (and PEI) indicate no

significant inherent stability problems with thls technology.
INTRODUCTION
It has long been observed that thin film photovoltaics in general
must be well encapsulated In order to withstand the extremes of
humidity and temperature in the outdoor environment.
Identification of the issues related to encapsulation techniques
was primarily based on a review of Jet Propulsion Laboratory
(JPL) papers and meetings with R. Ross's group at JPL{2-3]1. A
number of issues were defined during this period.
The objectives of the program at PEI are designed to

* Identify issues

* present and evaluate solutions

® Insure that a viable proeduct is being produced
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Within this program, the general categories of experimental focus

related to these objectives include:
* Accelerated life testing
1. Thermal cycling - structural lintegrity

2. Humidity freeze cycling - structural integrity and
permeability ‘

3. Permeability of water vapor
* Real Time Reliability Studies

1. Outdoor changes

2. Permeability of water vapor
EXPERMENTAL
The catagories outlined above will be reviewed. The thermal
cycling and humidity-freeze cycling tests have been done
primarily at the SERI Outdoor Rellabllity and Testing

Laboratory.(4] The water permeabillity studies were begun by JPL
and continued at PEI.

Accelerated Lilfe Testing
The major issue for encapsulation 1s the rate of water
permeabllity into the structure. A simple, 1low cost, highly

{lluminating means for determining leakage of water vapor |is
reviewed.

The test modules evaluated here were assembled by edge-sealing a
metal backsheet to a 24" X 24" X 1/8" tin oxlde coated glass
substrate on a 0.5" border. For permeability studies of the
various adhesive and techniques, smaller substrates were used (4"

X 6" X 1/8"). Placed inside the internal volume was a Humiseal
humidity indicator strip that had been dried completely at 65°C
(completely blue in color). The indicator strip turns various

shades of pink as the amount of water present Increases.

The stripes contain a dessicant and will therefore absorb some
water itself prior to indicating pink. Calibration of this strip
to determine this limit of detection was wundertaken. It was
found that the limit of detection for water, from a completely
dry state, 1increased the welght of the strip by 10% 5 mg. These
strips respond within minutes to their surround.

The actual thermal cycling tests were done at JPL and SERI.
Modules were cycled from -40°C to 90°C four(4) times per day for
200 cycles. At various times through the proceedure the modules
were removed from the chamber and visually \inspected. The
relative humidity(RH) during these cycles was <25% at the highest
temperatures (ambient RH at room temperature).The only additional
parameter for the humidity freeze thermal cycling tests was that
the relative humidity was malntained at ~“85% RH at the 85-90°C

Ao v e Aoy~
LTHIpPCLAaALUL T,
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The permeability to water vapor within a structure was determined
using the 10 mg limit of detection to water vapor of the Humiseal

strips and the time required to turn the strip pink in a specific

environment. By observing the sample at regular intervals, one
can determine the time it took to begin turning pink (the limit
of detection) quite accurately. Since the indicator is known to

absorb =10 mg of water at that point, the permeablility |is
determined within roughly 100% of the value, That magnitude of
error is qulte accurate enough to allow for a number of
determinates.

With techniques such as these in hand, one can easily address the
major issues relating to encapsulation. Thermal cycling (both
wet and dry) and permeability to water vapor can form a good
basis for extrapolation.

Real Time Reliabiljity Studies

The measurement of performance changes over time in the outdoor
environment is the primary means for life testing. However, as
extrapolation from accelerated permeability studies 1is often
extremely difficult to do with satisfactory confidence, it |is
necessary to have some basellne studies based on real time for
determining permeability.

Performance monitoring on submodules has been undertaken by SERI
Outdoor Rellability Testing Lab under Laxmi Mrig, These
submodules were all under load during exposure. Testing was done
approximately monthly.

In addition to performance monltoring, the baseline studies for
water permeablillity in the field in El Pasoc were done using 12" X
12" X 1/8" substrate encapsulated on to a 3/16" border with a
humidity Indlcating strip placed inside. the glass was palinted
black so that a similar temperature would be reached by these
test modules as by a photovoltaic(PV) CdTe module in operation.
These 2 samples were left outdoors for over 14 months.

RESULTS, DISCUSSION, AND CONCLUSIONS

The samples sent to JPL and tested at 85°C, 85% RH showed a
number of adhesives that passed 210 mg water after as few as 180
to 300 hours. This made an excellent screen for choice of
adhesives, One particular choice of material, design and method
went for over 2,000 hours passing less than 10 mg of water. The
perimeter of the 4" X 6" sample was 20" permeabllity of the
design was therefore <30 mg per year per linear foot at 85°C, 85%
RH. ‘

Structural integrity was also a-major lssue with the presence of

glass to metal bond. The expansion coefficient differences had
to be addressed properly. Thermal cycling tests were the
obviougs means to imprcve the method and design. A number of
samples of different design were thermally cycled for up to 200
cycles. Many faliled. A number of good designs showed no
fallures after 200 full thermal cycles up to the 12" X 12" slize
at JPL. Substrates measuring 24" X 24"also were found to

satisfactorily pass 200 Cycles with no delamination problems at
140




SERI. Less than 10 mg of water had entered the module after
these 200 cycles. The same 24" X 24" modules were then subjected
to the humidity freeze cycling. After roughly 40 such cycles a
failure of part of the edge bond was observed. Though there was
a small statistical sample size (2) and the humidity freeze
cycles vere done after a fair amount of stresses were already
incurred, due to the previous cycling, modification of the edge
design to minimize stresses due to formation of lce ls presently
being addressed. :

The wupper limit for the amount of water entering the modules
during the humidity-freeze cycles can be approximated. In ~10
days approximately 10 mg of water had entered the structure. We
might have used 40 since there were 40 cycles; We have also not

included t'ie contribution of the previous 200 cycles at 25% RH,;

We have ilso not included the acceleratlon factor for diffusion
at the 85 Celsius temperature that could be a factor of 8 to 16
over operating temperature. An incursion of 10mg water in 10 days
is 3.7 g per year over 8 linear feet of bond line or .5 g water
per vear per llnear foot.

Referring back to the outdoor permeability experiment noted
earlier, 1t was found that after fourteen(l4) months the pink
color of the humidity sensor inside was apparent. This experiment
started in August of 1989 and was extended over one winter and
one summer prior to passing over 10 mg of water. The
permeability calculated to be 2 mg per year per linear foot of
edge. It should be noted that this experiment was done in El
Paso where winter RH is often <10 % and the RH in the summer 40
to 70%. The permeablility of such a design 1is, however,
sufficiently low that reasonable lifetime may be extrapolated.

The results for real time life tests are given in Figure 1.[5]
For the majority of submodules tested, the stability appears
quite good. The initial differences in preparation between each
of the submodules was one of a secondary type seal, (i.e. edging
method) . There does not appear to be any correlation between

that lInitial experiment design and the observed 1llife testing

variatlions. The small degradations observed on some samples have
therefore attributed to quality control and assurance issues.

In any event, it is apparent from this figure that CdTe based
submodules do not have any significant inherent stability
problcm.

In summary, the highlights of the reliability testing done at
JPL,, SERI, and PEI are:

® At JPL - 4" X 6" edge sealed modules survived over 200 thermal
cycles from -40°C to 90°C without any signs of delamination
({25% RH). No high humidity or freeze cycles were done at JPL.

* At SERI - 24" Y 24" edge sealed modules survived 200 thermal

cycles from -40°C to 90°C without any signs of delamination and
without passing 10 mg of water.
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At BERI - Over 270 days of outdoor 1ife testing has shown
little, Lf any, degradation of the PEI modules tested.

At PEIl - Permeability values into the modules of less than 50
mg per year per llnear foot of edge are becoming the norm.

At SERI - Humidity freeze thermal cycling results indicate that
further improvements can further extend the confidence of
extrapolating lifetime.
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POLYMERS IN SOLAR ENERGY UTILIZATION

1963
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Figure 8. Possible PVB Browning Mechanism,
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390 POLYMERS IN SOLAR ENERGY UTILIZATION

basic mechanism of this process, ideatified over 35 years ago by
Bolland and GCee (2), is as follows:

r; (rate of initiation)

-

(1) Initiation w free radicals
(2)—s=R* + 0y ROp - i
y propagation
k {
(3)) ROz + RH — " ROOQH *
i o 2 + '—"""—""’.——p. O‘—. + %m /
2k,
(4) ROg* + RO *————u-oroducts - termination at 09 saturation
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Flgure 2. Concentratlon of UV Absorber and antioxidant of
(A3918) as a Functlon of Photoaglng as Detected

PHOTOTHERMAL DEGRADATION <

s n l : . x . Li&nj)
‘ et.al.

i - g

; ,‘

oJo} ~ i!
| |
|

0.3

0.0

{zuridsid ca

®

0.

LR

[ 2]

0.00 } ) i | i

1
i
0
|
|
|

0 10 0 ¥ ) 0

IPRAQIATION TIMC (hel
Concentration of Rzsldual Curing Agent of EVA (A9913)

a3 & Function ol Chotoaging at 30°C as Detected by HILC

re
S [ S W R
= BN D BE

Tigure J.

Jancdaflinite tncranse (n absorption_ at wavelength loaper than 420
anfag the datk over-aped samplen, whish _causes_Lhe_sanmplen_to_ap=

Cal RN A,

_pear vellaw. Transmission at 360 mm and shorter A also shovs a
196 '

S B B =



‘213 ‘JUIJUOS I31EM - SjuaLIn) agexey]
§Sa1FUl I3}8AL - UOISOLI0) UONBZI[[BIsN
{(sdnoin jAuoqie) spuoq parednfuc)) FUIMO[RL

NYIONOD FALVIGIWIWI - INVILIOL

HONVYI dBW Ad
NOILVIISdVONA

197

il e



OB NS G S D B G M) B EE NS DN GG EE N B BE EE

198 i .

SINSRY UIWLV ‘SHIS 'SdX e

0G1 XeAld ‘'VAA o

sjinpuc) n) i3A0 UG ‘UCHEZI[IEIIN LoV SV .

(X2) % DPpue (X1} % 01 sdoig A3u3joijjd :SISSO] 32UBULI0JII] o

JINPO IRUF INoyFnoay L sinddQ .
amsodx3 Xg Ulim paosueyuy .
UONEBZIJ[EIIN 19AQ pIdueyuUY .

Suimojax .

dLIS VSSIHVO - STINGON

HONVHY 4B Ad ayds
IMds

NOILVIISdVONYA




S ‘ (AN

I m . I I
i uojelsjgooe "
BIA paoNpuy|
i SA
aw [eay

%G9—<—G6
asoddng ‘g

o

o
i

|

1
-
™

190
L ad

ii 1 je abueyo Jo sjey
SNSJBA
awi [eal ui sbueyo [ejo] v

|
o
Yol

h

wu 00 "6°8 18 souBlILISURI] %

204p8900-vE
‘ T

Olll
i

(jeonoylodAy)j awil SA BuimoljeA

liﬂiﬂﬂl!ng!ﬁﬁa&nglnﬂu



ol .G

<
-—

d %01 01}

i i .

S/ |
‘ON

i i { i i i J

(8Alre|ja4) uonepelbaq %
200

-]
V|

€04¥8909D-vd




IME - 06/ +C/01

201

[BLI2IRIA (19D |4 259

UMOI(-MO[[oA 1eqp 1830
VAT  UmMOIg-mo[A MOJ[RA 189[0
UMOI(-MO[[2A ‘ MO[[A MOI[A
sse|n
HONVHE d¥W Ad ayas
NOILVINSdVONH H4ds

I



*uojssTwsuexl [e>11dg joO uoraepeadag

wo ‘Ybuajarepy

008 0sL GGL 0S9 009 0SS 00S oSt

*7 2an814

oGt

0ot
1’0

K i i PP —

-

. o
R e gl —

T T T T T

Aeq

g9z bueg ke ¢ 4Ad
vinbva .

) S -7

. 'o!lc\-llo\\-ll..\.o\-

Aeg 9z VA3 -
\n\n ®
\\ ‘o\-olﬂ

-
\u'll""ll

i

R A AR D LA \u
B o d
i | "G 0 BAdIYY | I | | |

202

asuenwsues |

o't

‘,_ I ;__,, /ﬁm
L



S N IR O B

o .

EVA Sheet as recelved
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1983
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FIELD TEST RESULTS FOR THE 6-MW CARRIZO SOILAR
PHOTOVOLTAIC POWER PLANT

Andrew L. Rosenthal
Cary G. Lane

Southwest Technology Development Institute
P.O. Box 30001, Dept. 3SOL
New Mexico State University
Las Cruces, New Mexico 88003-0001

ABSTRACT

Testing of subgroups, trackers, und laminates was performed at the
Carrizo Solar Photovoltaic Power Plant. Testing was performed to
characterize the effects of EVA degradation at the plant. EVA degradation
is believed to have been accelerated by the high operating temperatures
accompanying the use of mirrors to concentrate sunlight. Testing of 128
laminates revealed that degradation is highly non-uniform. Measured
laminate peak power values ranged from 8.6 W to 47.8 W with an average
value of 32.6 W. This average was 35.9 % below the installed laminate
rating at similar conditions. Mismatch between laminates contributed an
additional power loss of 11.1 %. Mismatch was found to increase with
laminate temperature. One tracker was tested with and without mirror
enhancement. It produced 3046.5 W with mirrors and 3275.9 W when the
mirrors were covered. Preliminary results indicate that removal of the
mirrors would increase the plant's peak power output on hot days.

INTRODUCTION

The world's largest photovoltaic (PV) power plant, the Carrisa Plains PV
Power Plant, came on-line in late 1983, The facility was owned by Arco
Solar, Inc. until late 1989 when it was purchased by Carrizo Solar
Corporation. The plant consists of ten segments, nine of which utilize 60-
degree angled mirrors in a "v-trough” shape to increase the total radiation
on the surface of the laminates to a nominal two-suns. Segment 10 (added
to the plant in 1985) does not utilize mirrors for irradiance enhancement.

Though the plant has demonstrated high availability, energy production
efficiency has declined linearly at the rate of 8-12 % per year since 1986
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[1]. In 1984, plant ac efficiency was 10.3 %. The 1989 plant ac efficiency
was 6.9 %. The primary cause of the decline in plant efficiency has been
attributed to thermal degradation of the Ethylene Vinyl Acetate (EVA)
encapsulant by the high operating temperatures associated with sunlight
concentration [2]. The most notable outward evidence of EVA degradation
has been a browning of the laminates in the mirrored segments.

To gain insight into the nature of this degradation, members of the staff
of the Southwest Technology Development Institute (TDI) under contract
with the Electric Power Research Institute (EPRI) performed I-V (current-
voltage) testing at the plant in June 1990.

EXPERIMENTAL

[-V curves were taken with portable equipment capable of testing
systems with operating parameters up to 600 V and 125 A. Irradiance
was monitored with a silicon pyranometer. This pyranometer is cosine
corrected for accurate readings up to incident angles of 80 degrees.
Temperatures were measured with Type K thermocouples affixed to the
backs of the laminates.

Each mirrored segment is organized into seven 12-tracker groups. The
groups are designated by the letters A through G. Electrically, three
trackers in series are designated as one subgroup. There are 28 subgroups
in parallel per segment. Each two-axis tracker consists of eight panels in
series. Panels contain 16 laminates (modules): 4 laminates per parallel
block with 4 blocks in series.

TDI tested several subgroups and trackers. Tracker 7G6 (the sixth
tracker of Group G in Segment 7) was chosen for testing down to the panel
and laminate level. This tracker was selected because it was in a
convenient location and not because of any known characteristic in its
performance history.

[-V curves were taken of components with mirrors (two-sun irradiance)
and without mirrors (one-sun irradiance). Throughout the test period, the
trackers continued to follow the sun in two axes. One-sun illumination
conditions were achieved by covering the mirrors with opaque plastic.
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RESULTS

Figure 1 shows the [-V characteristic for Tracker 7G6 in its normal
operating state with the tracker tollowing the sun and all mirrors in place.

50 ‘
;
Tracker 7G8:
: Pmp = 3710.0 W
40 " : Vmp = 106.6V
Ty mp = 348A
FF = 413%
Z |
£ ace :
: |
z ‘ ?
l
SHEES <,
0 LY
,
: ? 5
‘U
%,
o o ot SRR S s s SR
0 50 100 150 200

Voltage {Volts)

Figure 1. Tracker 7G6 (With Mirrors).

The tracker [-V curve has a fill tactor of 41.3 percent and a maximum
power of 3.71 kW. This curve was taken when the average laminate
temperature was 74 °C.

After this curve was taken, the series connections between the eight
panels of tracker 7G6 were broken. [-V curves were taken of each of the
eight panels. During this time. the trucker continued to track normally and
all of the mirrors remained in place. Figures 2 and 3 show the I-V curves
for Panels 1-4 and 3-8, respectively
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Figure 2. Panels 1-4 of Tracker 7G6.
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Figure 3.
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Panels 5-8 of
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Open circuit voltages and short circuit currents were closely matched for
all 8 of the panels. Panel 2, however, produced a maximum power much
less than the other seven panels. The seven similar panels operated with
an average maximum power and fill factor of 475.6 W and 44.2 percent,
respectively. Panel 2 produced a maximum power of 333.7 W with a fill
factor of 30.2 percent.

Panel 6 I-V curves were taken at two different temperatures to quantify
the etfects of temperature on panel performance. These curves are
presented in Figure 4. Panel 6 had performance characteristics typical of
the majority of the panels tested.

50 s
Panel 6;: 63°C
: Pmp = 557.1 W
: Vmp= 157V
40 e Imp = 355A ———my
f&,‘ .
g 30 1 Panel 6:76°C
£ Pmp = 483.9W
Imp: 339A
e 20
o
| 5
T
=
O
10
0 e e T ey v
0 10 30

Voltage (Volts)
Figure 4. Panel 6 at 76°C and 63°C (With Mirrors).

For Panel 6, the open circuit voltage increased 1.9 V as the temperature
dropped 13.2 °C. This represents 0.14 V/°C or 0.57 percent/°C. The series
resistance. estimated as the negative reciprocil of the slope of the curve at
the open circuit condition, remained unchanged at 0.2 ohms. Fill factor for
the curve at 76 °C was 44.8 percent. At 63°C, the fill factor was 47.7
percent.

22}

0 e TRl



[-V curves were taken of all 128 laminates (mirror enhanced) of tracker
7G6. Table | presents a summary of the peak power values determined
for these laminates.

Table 1
PEAK POWER VALUES FOR 128 LAMINATES

Sum of 128 Peak Power Values 4171.0 W

Average 326 W
Minimum 8.6 W
Maximum 47.8 W
Standard Deviation . 6.9 W

At this point, the mirrors of Panel 6 were covered. [-V curves were again
taken on this panel and its laminates. Figure 5 compares I-V curves of
Panel 6 operating with and without mirror enhancement.

50 ]
N Mirror Enhanced:
: . Pmp =557.1 W
N, Vmp = 157 V
40 Imp = 355 A

Tmod= 63°C

2
g 30
< PSRBT 009 €50 @e
— ) * o0 .0.~“~. &
E .
s 20 N..
5 Unenhanced: / L
O ] Pmp =424.9 W AN
Vmp = 188 V LA
10 Imp = 226 A ‘i'-.h X
Tmod = 35°C % e
L
| ]
W\
0 v t v .
0 10 20 30

Voltage (Volits)

Figure 5. Panel 6 (With and Without Mirrors).
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Without mirrors, Panel 6 operated with a fill factor of 59.7 percent and
maximum power of 4249 W. With mirror enhancement, Panel 6 operated
with a fill factor 47.7 percent and a maximum power of 557.1 W. Use of
mirror enhancement increased the maximum power of Panel 6 by 132.2W
(31.1 percent).

Figure 6 compares the [-V curves taken on Laminate 11 of Panel 6 with
and without mirror enhancement. This laminate had performance
charecteristics typical of the majority of the laminates of Panel 6.

15
Mirror Enhanced:
Pmp = 412W
™ 10 FF = 550% _..|
g. Tmod = 62 °C
s -
E -
o
3 L
5 e UNi@NHANCE: >
4 Pmp =288W //
) Vmp = 48V |
imp = 6.0A
FF = 65.7 % !
] Tmod = 35.0 °C *
| ‘ !
0 T t Y T * T T
0 2 4 6 8

Voltage (Volts)

Figure 6. Laminate 11 (With and Without Mirrors).

Under mirror enhancement, Laminate 11 had a fill factor of 55.5 percent
and maximum power of 41.2 W. With the mirrors covered, Laminate 11
had a fill factor of 65.7 percent and a maximum power of 28.8 W. Use of

mirror cnhancement increased the maximum power of Laminate 11 by
12.4 W (43 percent).

Table 2 presents the performance values for the 16 laminates of Panel 6
raezsured with and without mirror enhancement.

Ui
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Table 2

PANEL 6 LAMINATE PERFORMANCE DATA

WITHOUT MIRRORS

Module Max. Fill
Temp. [rrad. Voc [sc Power Factor
Laminate °CY __(W/m2) (V) (A) (W) (%)
T6P6L16 36 1040 6.6 6.5 29.2 67.9
T6P6L15 35 1046 6.7 7.0 32.1 68.8
ToP6L 14 35 1046 6.6 7.3 - 29.8 62.0
T6P6L13 35 1046 6.5 6.2 27.7 68.7
T6P6I.12 34 1036 6.5 6.3 23.8 58.3
TeP6L11 35 1050 6.5 6.7 28.9 65.7
T6P6L10 35 1050 6.5 6.1 24.0 60.3
T6P6L0Y 38 1054 6.6 6.8 29.8 66.6
T6P6LOS 34 1054 6,6 6.7 27.1 61.4
T6P6LO7 33 1057 G.5 6.7 29.3 67.0
To6P6LO6 33 1057 6.5 7.0 27.5 61.0
TO6P6LOS 34 1058 6.4 6.1 22.3 56.7
T6P6L04 35 1066 6.7 7.2 22.5 47.1
T6P6L03 35 1066 6.6 7.1 28.9 61.5
T6POL02 35 1066 6.4 6.2 209 52.8
T6P6LO1 35 1069 6.4 6.3 262 64.9
Average 34.7 1053.8 6.5 6.6 26.9 61.9
Max 36 1069 0.7 7.3 32.1 68.8
Min 33 1036 6.% 6.1 20.9 47.1
WITH MIRRORS
Module Max. Fill
Temp. Irrad. Voc Isc Power Factor
Laminate (°C)  (W/m2) (V) (A) (W) (%)
T6P6L16 60 2005 6.2 11.0 40.2 69.4
T6P6L15 60 2019 6.2 12.3 43.4 57.1
To6P6L 14 60 2027 6.1 12.7 39.3 50.4
T6P6L13 60 2027 6.2 11.1 39.6 57.9
T6P6L12 62 2010 6.1 10.9 32.4 48.4
T6P6L11 62 2016 6.1 15.1 41.2 55.5
T6P6L10 63 2003 6.1 10.7 30.8 47.1
T6P6L0O9 64 2005 6.1 12.4 40.4 53.6
T6P6L0O8 64 2009 6.1 11.8 34,2 471
T6P6LO7 64 2001 6.1 12.1 39.2 53.6
T6P6L.0O6 64 2007 6.0 12.2 34.7 47.0
TeP6L0OS 65 2007 6.0 10.8 29.4 45.2
T6P6L0N4 63 2011 6.3 10.4 20.7 31.7
T6P6L0O3 64 2011 6.2 12.4 37.8 49,4
T6P6L0O2 65 1977 6.1 10.7 27.7 42.3
T6P6LO1 63 2004 6.1 111 37.5 55.5
Avcrage 62.8 2008.8 0.1 11.5 35.5 50.1
Max 65 2027 6.3 12.7 43.4 59.4
Min 60 1977 6.0 10.4 20.7 31.7
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In going from a nominal irradiance of one-sun (unenhanced) to two-suns
(mirror enhanced), the average power of the laminates increased from
269 W to 355 W, an increase of 32.2 percent. In all cases, laminate fill
tactors increased when the mirrors were covered. The average fill factor
increased from 50.1 percent to 61.9 percent. At two-suns, the laminate I-
V curves show a degree of flattening that indicates a rise in series
resistance.

Of importance is the range over which the different laminates encounter
their maximum power points. Under one-sun conditions, the 16 laminate
maximum power points showed a standard deviation of 3.1 W. Under two-
suns, the standard deviation was 5.8 W. This larger standard deviation
suggests that mismatch between laminates will occur more at two-sun
than one-sun conditions. For the one-sun condition, the sum of the 16
laminate peak power values was 430.0 W while the [-V curve (shown in
Figure 4) displayed a maximum power of 4249 W. This indicates loss due
to mismatch was 5.1W (1.2 percent). Under two-suns, the sum of the 16
individual laminate maximum power values was 568.5 W. The I-V curve
for the panel (using the 63°C curve) had a maximum power of 557.1 W, a
logss due to mismatch of 11.4 W (2.0 percent).

Further testing of trackers and subgroups indicated that the number of
severely degraded panels and laminates may be greater in the plant at
large than in tracker 7G6.

[-V curves were taken on Tracker 8A7 ir its normal operating condition
with all mirrors exposed to the sun and later with all of the tracker's

mirrors covered by opaque plastic. Figure 7 presents these [-V curves for
Tracker 8A7.
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Figure 7. Tracker 8A7 With and Without Mirrors.

Of interest is the fact that the maximum power increased when the
mirrors were covered. As observed above, mismatch increases with
temperature, particularly in panels with severely degraded laminates., The
presence of degraded laminates is indicated by the low fill factor of the
mirror enhanced I-V curve (35.4 percent).

Tracker 8A7’s greater maximum power production without mirror
enhancement is not unique. I-V curves were taken on Trackers 8Al
through 8A9. Three of these trackers, 8A4 through 8A6, have been
operating for several months with their mirrors permanently removed.
Table 3 presents performance data for these nine trackers.
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- Table 3
TRACKER PERFORMANCE DATA

WITHOUT MIRRORS

Module Max. Fill

Temp. Irrad. Voc Isc Power Factor
Tracker CC)  (W/m2) (V) (A) (W) (%)
8A4 35 1080 204.0 26.3 3221.5 60.0
8AS 35 1080 202.0 26.3 3122.3 58.8
8A6 33 1080 202.0 273 2746.1 49.3
Average 35 1080 203.3 26.6 3030.0 56.0
Max 35 1080 204.0 27.3 3221.5 60.0
Min 35 1080 202.0 26.3 2746.1 49.3

WITH MIRRORS

Module Max. Fill

Temp. Irrad. Voc Isc Power Factor
Tracker CCY  (W/m?2) (V) (A) (W) (%)
8A1 70 1900 168.0 43.9 2692.4 36.5
8A2 70 1900 192.0 46.1 2773.5 31.3
8A3 : 70 1900 190.0 44.0 3372.7 40.3
BA7 70 1900 193.0 43.3 2895.3 34.6
8AS8 70 1900 193.0 42 .4 3433.0 42.0
8A9 70 1900 192.0 42.1 3531.3 43.7
Average 70 1900 188.0 43.6 3116.4 38.1
Max 70 1900 193.0 46.1 3531.3 43.7
Min 70 1900 168.0 42.1 2692.4 31.3

In this small population there were two trackers (8A1 and 8A2) that
showed performance similar to 8A7: low fill factor and low maximum
power.

Figure 8 compares the [-V curves taken for the mirror enhanced
Subgroup 8A1-8A3 and the unenhanced Subgroup 8A4-8A6.
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Figure 8. Subgroups 8A1-8A3 and 8A4-8A6.

The maximum power of the unenhanced subgroup exceeded the
maximum power of the mirror enhanced subgroup by 283.6 W. Unlike the
comparison preseated for tracker 8A7, it must be remembered that these
curves compare different subgroups.

DISCUSSION

When installed, the laminates of the first nine segments were rated at
39.75 W at standard test conditions (STC, 1000 W/m?2, 25 °C cell
temperature, air mass 1.5) [2]. The 60-degree mirrors have been
calculated to add an additional irradiance (received at the surface of the
cells) of 60 percent [1]. Hence, at STC, the original rating for the mirror-
enhanced laminates was 63.6 W. If we assume a voltage-temperature
coefficient of 0.5 percent/°C, the rating at 65°C would be 50.9 W. The 128
laminates of tracker 7G6 had an average peak power (mirror-enhanced) of
32.6 W. Hence, peak power per laminate has declined 18.3 W (35.9
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percent) due to degradation. The sum of the 128 laminate peak power
values was 4171.0 W. The tracker's measured peak power was 3710.0 W.
This represents 461 W (11.1 percent) of power lost due to mismatch,

Comparison of laminate performance with and without mirror
enhancement indicates that the increased operating temperatures
associated with the use of the mirrors increase mismatch losses. For the
16 laminates of Panel 6 of Tracker 7G6, mismatch increased from 1.2
percent without mirrors to 2.0 percent when the mii. ors were used.
Results of testing other trackers indicate that these data may represent
better than average performance for the plant. In some cases, the increase
in mismatch losses results in lower power output for operation with mirror
enhancement than without. Tracker 8A7 was tested with and without
mirror enhancement. With mirror enhancement, the tracker produced
3046.5 W while operating at a temperature of 67°C. Without mirror
enhancement, the tracker produced 3275.9 W while operating at a
temperature of 35 °C. Other trackers operated with performance
characteristics similar to Tracker 8A7.
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Tabie 1
PEAK POWER VALUES FOR 128 LAMINATES

Sum of 128 Peak Power Values 4171.0 W

Average 326 W
Minimum 8.6 W
Maximum . 47.8 W
Standard Deviation 6.9 W

FIELD TEST RESULTS FOR THE 6-MW CARRIZO SOLAR
PHOTOVOLTAIC POWER PLANT

Andrew L. Rosenthal
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Table 2

PANEL 6 LAMINATE PERFORMANCE DATA

WITHOUT MIRRORS

Module Max. Fill
Temp. Irrad. Voc Isc Power Factor
Laminate _(°C) (W/m2) (V) (A) (W) (%)
T6P6L16 36 1040 6.6 6.5 29.2 67.9
T6P6L 1S 35 1046 6.7 7.0 32.1 68.8
T6P6L 14 35 1046 6.6 7.3 29.8 62.0
T6P6L13 35 1046 6.5 6.2 27.7 68.7
T6P6L12 34 1036 6.5 6.3 23.8 58.3
T6P6L11 35 1050 6.5 6.7 28.9 65.7
T6P6L 10 35 1050 6.5 6.1 24.0 60.3
T6P6LOY - 35 1054 6.6 6.8 29.8 66.6
T6P6LOS 34 1054 6.6 6.7 27.1 61.4
T6P6LO7 33 1057 6.5 6.7 293 67.0
T6P6L06 33 1057 6.5 7.0 27.5 61.0
T6P6L0OS 34 1058 6.4 6.1 22.3 56.7
T6P6L04 35 1066 6.7 7.2 22.5 47.1
T6P6LO3 35 1066 6.6 7.1 28.9 61.5
T6P6LO2 35 1066 6.4 6.2 20.9 52.8
T6P6LO1 335 1069 6.4 6.3 26.2 649
Average 34.7 1053.8 6.5 6.6 26.9 61.9
Max 36 1069 6.7 7.3 32.1 68.8
Min 33 1036 6.4 6.1 20.9 47.1
WITH MIRRORS
Module Max. Fill
Temp. Irrad. Voc Isc Power Factor
Laminate (°C) (W/m2) . (V) (A) (W) (%)
T6P6L16 60 2005 6.2 11.0 40.2 69.4
T6P6I.15 60 2019 6.2 12.3 43.4 57.1
T6P6L14 60 2027 6.1 12.7 39.3 50.4
T6P6L13 60 2027 6.2 11.1 39.6 57.9
- T6P6L.12 62 2010 6.1 10.9 32.4 48.4
T6P6L.11 62 2016 6.1 15.1 41.2 55.5
T6P6L 10 63 2005 6.1 10.7 30.8 47.1
T6P6L09 64 2005 6.1 12.4 40.4 53.6
T6P6L0S 64 2009 6.1 11.8 34.2 47.1
T6P6LO7 64 2001 6.1 12.1 39.2 53.6
T6P6LO6 64 2007 6.0 12.2 34.7 47.0
T6P6L.0S 65 2007 6.0 10.8 29.4 45.2
T6P6L0O4 63 2011 6.3 10.4 20.7 31.7
T6P6L0O3 64 2011 6.2 12.4 37.8 49 .4
T6P6L02 65 1977 6.1 10.7 27.7 42.3
T6P6LO1 63 2004 6.1 11.1 37.5 33.5
Average 62.8 2008.8 6.1 11.5 35.5 50.1
Max 65 2027 6.3 12.7 43.4 59.4
Min 60 1977 6.0 10.4 20.7 31.7
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Table 3
TRACKER PERFORMANCE DATA

WITHOUT MIRRORS

Module Max. Fill

Temp. Irrad. Voc Isc Power Factor
Tracker CC)  (W/m2) (V) (A) (W) (%)
8A4 35 1080 204.0 26.3 3221.5 60.0
tAS 35 1080 202.0 26.3 3122.3 58.8
8A6 33 1080 202.0 27.3 2746.1 493
Average 35 1080 203.3 26.6 3030.0 56.0
Max 35 1080 204.0 27.3 3221.5 60.0
Min 35 1080 202.0 26.3 2746.1 49.3

WITH MIRRORS

Module Max. Fill

Temp. Irrad. Voc Isc Power Factor
Tracker °C)  (W/m2) V) (A) (W) (%)
8Al 70 1900 168.0 439 2692.4 36.5
8A2 70 1900 192.0 46.1 2773.5 31.3
8A3 70 1900 190.0 44.0 33727 40.3
BAT 70 1900 193.0 43.3 2895.3 34.6
. 8A8 70 1900 193.0 42.4 3433.0 42.0
8A9 70 1900 192.0 42.1 35313 43.7
Average 70 1900 188.0 43.6 3116.4 38.1
Max 70 1900 193.0 46.1 3531.3 43.7
Min 70 1900 168.0 42.1 2692.4 313

FIELD TEST RESULTS FOR THE 6-MW CARRIZO SOLAR
PHOTOVOLTAIC POWER PLANT

Andrew L. Rosenthal
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MIRROR MADNESS
by John Kusianovich
Carrizo Solar Corp.

Star Box 105, Santa Margarita, CA 93453

Introduction:. This paper discusses some of the aspects of the
time exposure of photovoltaic panels in a power plant during six years

of commercial operation,

The World’s largest PV module destructive tester is located at
California Valley, CA, and has been in operation since 1984. To date it
has successfully destroyed several hundred PV modules under actual
operating conditions. Some of these were completely burned by current
overloads while many others were only lightly toasted by high cell
temperatures. The latter are the subject of this report. |

The toasted look is apparently caused by the EVA sealant behind the
cover glass turning a lovely golden color after exposure to high cell
temperatures over a long time period. This has reduced the light
transmission by about ten per cent. This is based on flash testing of
some of the modules in the LAPPS at Siemens Solar. (figure 1)

The peak power output of‘the plant has dropped to 4 megawatts from
the theoretical 6.5 MW. Therefore, reduced light transmission is not
the whole story.

In June 1990, a team from New Mexico State University did field

testing for EPRI and discovered other aspects of the problém.
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The discoloration of the EVA also may help raise the cell operating
temperatures to the point that the IV curves are depressed to the extent
. that severe voltage‘mismatches occur.,

The paper presented by Andrew Rosenthal (Field Test Results for the
6-MW Carrizo Solar Photovoltaic Power Plant) Jjust prior to this
explained these effects in great detaill, thus cleverly saving me the
trouble.

Whén the mirrors are covered or removed the IV curves jump back to
a normal shape, Jjust as if a great weight had been lifted from their
shoulders.

This seems to indicate that the laminates are not permanently
damaged by the browning other than the reduced light transmission
mentioned above. See attached IV curves referred to above.

As we disassemble trackers into 16 laminate panels and then break
them down in the warehouse into individual laminates for shipment to
customers, we run an IV curve on each of them. They are sorted into 3
categories: above 32 watts, 20-31 watts, and below 20 watts. The
outcome from segment 6 is shown in the table. (figure 2). This is our
worst segment (84 trackers, 128 laminates each) for power output, 125kw
vs 260kw for our best segment.

Interestingly, we have tried with no success to guess by looking at
the laminates to tell their power output. There is no correlation
between how badly browned they are with the wattage. Some with the cell
edges crinkled put out 38 watts, while some that are barely tan put out
18 watts. The original manufacturing spec is 40 watts. By the way,

these are all ARCO single crystal silicon cells.,
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Three trackers with the mirrors removed a year ago are now
producing as much power as a typical set of trackers with mirrors. The
mirrors produce a nominal 2 X concentration. When they were removed a
year ago the power output was about 12% less than a mirrored array. The
voltage for the non-mirrored trackers is higher also which makes the
inverters work better. 360V vs 400V, for example.

So you ask, why not Jjust remove the mirrors instead of the
laminates and continue to operate for ever? Very simple, no one wants
to buy 16 foot mirrors. Plenty of people want to buy cheap PV modules.
PG&E doesn’t want our electricity enough to allow us to pass on the cost
of any plant improvements. Isn’t the price for our electricity going up
with the price of 0il? No, PG&E’s avoided cost is tied to natural gas
and has actually gone down since the unpleasantness in Kuwait!

Photos received from Bill Cerrito at Photocomm indicate that
similar ARCO laminates that they are removing from a solar pumping plant
exhibit the same browning‘after 6 years in the sun ﬁs ours even though
they were exposed to only one sun not 2x.

They also exhibit an interesting behavior that we have noticed,
namely the browning disappears over time if the cover glass is broken.
We have deliberately broken two laminates and are photographing them

over time to confirm this on a controlled basis.
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VARNLLY DULAR
‘ LAMINATE WATTAGE TOTALS
LAMINATE RATING
' FACTORY 32+ 32-27 27-20 20-10 WATTS PANEL
TRACKER R\.?TgNG WATTS WATTS WATTS BURNT/BUBBLE TOTAL
' AMPES
' 6A1 8.0 103 24 * 1 128
6A2 8.0 82 44 * 2 128
6A3 8.0 68 51 * 9 128
6A4 8.0 105 23 * 0 128
l 6A5 8.0 108 15 * 5 128
6A6 8.0 119 9 * 0 128
6A7T . 8.1 92 32 * 4 128
' 6A8 8.1 107 18 “ 3 128
6A9 8.1 106 4 NEED 2 112
6A10 8.1 107 18 TO 3 128
6A11 8.1 114 13  RETEST 1 128
I‘ 6A12 8.1 114 11 ] 3 128
7G5 N/A 69 54 * 5 128
| 681 7.4 65 51 * 12 128
l 6B2 7.4 38 84 * 6 128
683 7.4 46 78 * 4 128
6B4 7.6 97 23 * 8 128
l 6B5 7.6 103 25 * 0 128
6B6 7.6 77 46 * 5 128
6B7 7.6 47 49 * 16 112
6B8 7.6 40 56 NEED 32 128
l 6B9 7.8 56 50 TO 6 112
6B10 8.1 70 21  RETEST 21 112
6B11 8.1 107 17 * 4 128
I 6B12 8.1 58 57 » 13 128
, 6C1 7.5 49 50 » 13 112
6C2 7.5 65 58 * 5 128
‘ 6C3 7.5 56 66 » 6 128
6C4 7.5 as 19 * 11 128
. 6C5 7.8 55 46 . 11 112
: 6C6 7.8 44 74 * 10 128
l 6C7 . 7.8 88 30 = 10 128
6C8 7.8 97 27 * 4 128
6C9 7.8 91 30 3 4 128
l 6C10 N/A 25 50 16 21 112
6C11 N/A 32 71 13 12 128
6C12 N/A 28 70 30 0 128
' 6D1 N/A 0
| 6D2 N/A 0
’ 6D3 N/A 0
6D4 6.7 0
I 6D5 6.7 15 a8 11 14 128
‘ 6D6 6.7 31 82 9 6 128
6D7 6.9 14 16 11 11 112
ﬁ 6D8 7.8
6D9 7.8
6D10 7.8
6D11 7.8
u 6D12 7.8 48 35 12 17 112
' TOTALS 2934 1745 105 320 5104
ﬂ PERCENT 0.57 0.34 0.02 0.06
FIGURE 2  TEST RESULTS
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SOLAREX EXPERIENCE WITH
EVA ENCAPSULATION

BY

JOHN H. WOHLGEMUTH
&
"RAYMOND C. PETERSEN

SOLAREX CORPORATION
CRYSTALLINE DIVISION

OUTLINE

HISTORY
MODULE CONSTRUCTION

EVA FORMULATIONS

LAMINATION PROCESS

ACCELERATED TESTING
FIELD EXPERIENCE

CONCLUSIONS
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HISTORY

BLOCK IV - 1979

DOE SPONSORED DEMONSTRATIONS

Solarex house at Northeast Residence
MIT house at Northeast Residence
Solarex house at Southwest Residence
Carlisle house

Block V

QUALIFIED TO BLOCK IV & V

POSITIVE FIELD EXPERIENCES

COMMERCIAL MODULE PRODUCTION
BEGUN IN 1982

TODAY ALL SOLAREX TERRESTRIAL
MODULES ENCAPSULATED USING EVA
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MODULE CONSTRUCTION

LOW IRON TEMPERED GLASS
SUPERSTRATE

CLEAR EVA ABOVE CELL MATRIX
INTERCONNECTED MATRIX OF CELLS
EVA WITH CRANEGLAS BEHIND CELLS

BACKSHEET OF
POLYETHYLENE-MYLAR-TEDLAR
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GLASS

I JEVA

{ L Il Il 1 MATRIX

[ JEVA

‘ 1BACKSHEET

LAMWICH LAYERS

A
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LAMWICH
AFTER

- LAMINATION
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EVA FORMULATIONS

SPRINGBORN AS9918 -
DUPONT ELVAX 150 WITH

0.2% Uniroyal Naugard antioxidant

0.1% Ciba-Geigy Tinuvin 770 UV
Stabilizer

0.3% American Cyanamid Cyasorb
UV-531 UV Stabilizer

1.5% Lupersol 101 organic peroxide
curing agent

IN 1987 SWITCHED TO SPRINGBORN
FORMULATION #15295

Lupersol TBEC replaces Lupersol 101
Reduces temperature-time cycle

PRIMER

Not in EVA formulation

Apply directly to giass

Better assurance of primer at
interface

No problem with evanoration from
film

No unwanted chemical reactions with
excess primer
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SPRINGBORN SOLAREX'S ONLY
QUALIFIED VENDOR

MIXING COMPLETED & EXTRUSION
BEGUN RAPIDLY OR MATERIAL BEGINS

TO CURE
EXTRUSION PERFORMED SLOWLY OR

RESULTANT FILM WILL SHRINK
EXCESSIVELY DURING LAMINATION
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LAMINATION PROCESS

REQUIRES SPECIFIED TIME AT CURE
TEMPEHATURE

INADEQUATE CURE RESULTS IN
- Flow of encapsulant at operating
temperatures
- Delamination during use and during
humidity - freeze test

SOLAREX PERFORMS ENTIRE PROCESS

IN LAMINATOR
- Easier to ensure proper cure
- Volatile by-products of Lupersol
decomposition are removed from
laminate
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« DO NOT USE METALLIC BARRIER IN
- BACKSHEET
- Do not want to trap by-products of
Lupersoi decomposition

. USE LUPERSOL TBEC INSTEAD OF 101
More efficient cross-linking reaction
- Process at lower temperature
for shorter time
- Fewer volatile by-products to remove
from laminate
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ACCELERATED TESTING

H!GH TEMPERATURE SOAK TESTS

Exposure to 90, 105 & 130°C

7,200 hrs at 90°C with no change
7,200 hrs at 130°C resulted in major

mechanical & optical degradation.
*  Transmission to 74%
*  Thermolysis of EVA
(30 to 40 kcal/mole)
*  Produces acetic acid

UV STRESS TESTS

RS/4 Lamp at 50°C
35,000 hrs of exposure - no change
Equivalent to 27 years of solar UV

PHOTO THERMAL AGING

Heated to 70, 90 & 105°C while
exposed to natural sunlight for
12,000 hours

At 70°C - no change

At 90°C - slight yeliowing of EVA
At 105°C - moderate yellowing
TBEC vyellowed less than 101
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FIELD EXPERIENCE

NO FIELD FAILURE OF SOLAREX
- PRODUCT DUE TO DEGRADATION OF EVA

9 YEARS EXPOSURE - SOUTHWEST RES
- - Power same as before shipment
- No delaminations or other signs of
mechanical problems |
- Visual browning which goes away
when textured glass is covered
with alcohol
- Metallization pattern is yellowed

CONCENTRATOR SYSTEMS
- Higher operating temperatures &
possibly increased UV cause EVA
darkening & loss of module power
like at Carrisa Plains
- Consistent with accelerated test
results
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CONCLUSIONS

UNDER NORMAL FLAT PLATE OPERATING
CONDITIONS (T<75° C)
- No reported power loss
- No reported mechanical degradation
- Accelerated tests would predict only
slight yellowing of encapsulant
- Field experience for 9 years
(in worst case conditions)
confirms accelerated test results

QUESTIONS LEFT TO ANSWER

- What causes yellowing?

- Will the process ultimately degrade
module performance and if so
when?

- Are today's modules as susceptible as
the early modules to yellowing
(TBEC vs 101)?

- What changes can be made in the
formulation to eliminate or retard
the yellowing?
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Photodegradation of Unstabjlized BVA

C. Andrei, I. Hogea and V. Dobrescu,
1. Proc. IUPAC Macrowol. Symp. 28 {19822 329
2. Rev. Rounm. ‘a:',a],:‘.x;/j«.i"‘, 33 (1988) 53-38
T !
A
X. Photodegradation Mechaniams
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Compounds Resulted Prom Irradiation of
EVA Copolymer at 27°C for Three hours

%

Compound ¥ g % 10%
CH,COOH 72.82
CH;CHO 22.8¢0
CH, 4.15
co, 0.19
co 0.04
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Formulation

Elvax 150 (Du Pont)
+' .
Pre-mixed additives
(UV absorber, curing
agent, anti-oxidants)

Encapsulation

» Cover glass (7059)

» Uncured EVA sheet

* Metallized cells and
interconnections

» Uncured EVA sheet

» Teflon back sheet

Thermal Processing

= Compounding (~90°C)

Extrusion of uncured
EVA sheet (< 120°C)

= Lamination (110-120°C)

Curing ( )
/4o-/50"C
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% Weighl

100
80.00
60.00
40.00

20.00

100.0
87.5
75.00

62.5
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TEA Profiles ( 5°C/min)

™

(@) Zjnsfc;é,‘/l';!ed EVA

T

BA-G0650910

¥

,

Temperature (C)
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Raw £EVA material CElvax /570)
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Table 1: Isc of NASA§4 81 SBtandard Solar Cell®

EVA Type Isc (mA) Ratio Loss%
No EVA over cell 13.733 1,000 —ooe
virgin EVA A9918 12.824 0.934 ————
Virgin EVA 15293% i12.808 0.933 = emom-
Degraded EVA no.1 12.087 o.mmo.. 5.68%
-m Degraded EVA no.2 ii.861 c.864 7.39%
a: An aperture ~ 0.35 cm’ was ugsed, The EVA film

Wwas vpmncm ocmn wwm mvmﬂﬁcnm. N cevar glass was

VA, hence allowing
n:u c< noaﬂo:m:n on nzm H»azw tc produce current.
The Losst would be larger if the UV light was cut
off.
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